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MESSAGE  OF  THE  PRESIDENT. 


To  the  Senate  and  House  of  Representatives: 

In  compliance  with  the  provisions  of  the  act  of  March  3,  1915,  making  appropriations  for 
the  naval  service  for  the  fiscal  year  ending  June  30,  1916,  I  transmit  herewith  the  fifth  annual 
report  of  the  National  Advisory  Committee  for  Aeronautics  for  the  fiscal  year  ended  June  30, 
1919. 

The  attention  of  the  Congress  is  invited  to  the  suggestion  of  the  committee  that  the  ap- 
pendixes of  the  report  be  published  with  the  report  as  a  public  document;  and  to  the  recom- 
mendations of  the  committee  in  the  closing  paragraphs  of  the  report,  which  have  my  approval. 

Woodrow  Wilson. 

The  White  House, 

5  December,  1919. 
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LETTER  OF  SUBMITTAL. 


National  Advisory  Committee  FOB  Aeronautics. 
D-433, Fourth  Street  and  Missouri  Avenue  NW., 

Washington,  I>.  ('.,  December  2,  1919. 

The  President: 

In  compliance  with  the  provisions  of  the  acl  of  Congress,  approved  March  :■>,  1915  (naval 
appropriation  act,  Public,  No.  273,  63d  Cong.),  the  National  Advisory  Committee  for  Aero- 
nautics lias  the  honor  to  submit  herewith  its  fifth  annual  report,  including  a  statement  of  its 
expenditures  for  the  liseal  year  ending  June  30,  1019. 

Attention  is  invited  to  the  appendixes  to  the  committee's  report,  comprising  technical 
reports  Xos.  o]  to  S2,  inclusive,  and  it  is  recommended  that  they  be  published  as  a  public 
document,  complete  with  illustrations,  and  as  a  part  of  (lie  annual  report  of  the  committee. 

Your  attention  is  especially  'united  to  the  "Conclusion"  of  the  report.    The  committee 
trusts  that  its  recommendations,  especially  those  enumerated  in  the  closing  paragraphs  of  the 
report,  may  have  your  approval. 
Very  respectfully. 

National  Advisory  Committee  for  Aeronautics, 
Charles  D.  Walcott,  Chairman. 
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FIFTH  ANNUAL  REPORT  OF  THE  NATIONAL  ADVISORY  COMMITTEE 

FOR  AERONAUTICS. 


National  Advisory  Committee  for  Aeronautics, 

D-433,  Fourth  Stkfjct  and  Missouri  Avenue  NW., 

]Yaxkingt.on,  D.  C,  December  /,  1.919. 

To  the  Congress: 

In  accordance  with  the  provisions  of  the  acl  of  Congress  approved  March  3,  1915,  estab- 
lishing the  National  Advisory  Committee  for  Aeronautics,  the  committee  submits  herewith  its 
fifth  annual  report.  This  report  reviews  the  activities  of  the  committee  (hiring  the  past  year, 
the  work  accomplished  in  the  study  of  scientific  problems  relating  to  aeronautics,  the  assistance 
rendered  by  the  committee  in  the  examination  of  aeronautical  inventions,  and  in  the  collection 
and  distribution  of  scientific  and  technical  data,  and  contains  a  statement  of  expenditures, 
estimates  for  the  tiscal  year  1921 ,  and  certain  recommendations  for  the  consideration  of  Congress. 
Technical  reports  covering  the  various  subjects  under  investigation  during  the  past  year  are 
submitted  as  appendixes. 

FUNCTIONS  OF  THE  COMMITTEE. 

The  National  Advisory  Committee  for  Aeronautics  was  established  by  Congress  by  act 
approved  March  3,  1915.  ruder  the  law  the  committee  is  charged  with  the  supervision  and 
direction  of  the  scientific  study  of  the  problems  of  (light  with  a  view  to  their  practical  solution, 
the  determination  of  the  problems  which  should  be  experimentally  attacked,  their  investigation 
and  application  to  practical  questions  of  aeronautics.  The  committee  is  also  authorized  to 
direct  and  conduct  research  and  experiment  in  aeronautics  in  such  laboratory  or  laboratories, 
in  whole  or  in  part,  as  may  be  placed  under  its  direction. 

Supplementing  the  prescribed  duties  of  the  committee,  its  broad  general  functions  may  be 
stated  as  follows: 

First.  Under  the  law  the  committee  holds  itself  at  the  service  of  any  department  or  agency 
of  the  Government  interested  in  aeronautics  for  the  furnishing  of  information  or  assistance  in 
regard  to  scientific  or  technical  matters  relating  to  aeronautics,  and  in  particular  for  the  investi- 
gation and  study  of  problems  in  this  field  with  a  view  to  their  practical  solution. 

Second.  The  committee  may  also  exercise,  its  functions  for  any  individual,  firm,  association, 
or  corporation  within  the  United  States,  provided  that  such  individual,  firm,  association,  or 
corporation  defray  the  actual  cost  involved. 

Third.  The  committee  institutes  research,  investigation,  and  study  of  problems  which,  in 
the  judgment  of  its  members  or  of  the  members  of  its  various  subcommittees,  are  needful  and 
timely  for  the  advance  of  the  science  and  art  of  aeronautics  in  its  various  branches. 

Fourth.  The  committee  keeps  itself  advised  of  the  progress  made  in  research  and  experi- 
mental work  in  aeronautics  in  all  parts  of  the  world,  particularly  in  England,  France,  and  Italy, 
and  will  extend  its  efforts  to  the  securing  of  information  from  Germany,  Austria,  Canada,  and 
other  countries. 

Fifth.  The  information  thus  gathered  is  brought  to  the  attention  of  the  various  subcom- 
mittees for  consideration  in  connection  with  the  preparation  of  programs  for  research  and 
experimental  work  in  this  country.  This  information  is  also  made  available  promptly  to  the 
military  and  naval  air  services  and  other  branches  of  the  Government,  university  laboratories, 
and  aircraft  manufacturers  interested  in  the  study  of  specific  problems. 

Sixth.  The  committee  holds  itself  at  the  service  of  the  President,  the  Congress,  and  the 
executive  departments  of  the  Government  for  the  consideration  of  special  problems  which  may 
be  referred  to  it,  such  as  rules  for  international  air  navigation,  regulation  and  development  of 
civil  aerial  transport,  technical  development  policies  of  the  military,  naval,  and  postal  air  services. 
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ORGANIZATION  OF  THE  COMMITTEE. 

The  committee  lias  12  members,  appointed  by  the  President  as  authorized  by  Congress, 
The  personnel  of  the  committee  consists  of  two  members  from  the  War  Department,  from  the 
office  in  charge  of  military  aeronautics;  two  members  from  the  Navy  Department,  from  the 
office  in  charge  of  naval  aeronautics;  a  representative  each  of  the  Smithsonian  Institution,  of 
the  United  States  Weather  Bureau,  and  of  the  United  States  Bureau  of  Standards,  and  not  more 
than  five  additional  persons  acquainted  with  the  needs  of  aeronautical  science,  cither  civil  or 
military,  or  skilled  in  aeronautical  engineering  or  allied  sciences. 

During  the  past  year  Maj.  Gen.  William  L.  Kenly,  Director  of  Military  Aeronautics,  and 
Dr.  Wallace  C.  Sabine,  of  the  Bureau  of  Aircraft  Production,  were  succeeded  on  the  committee 
by  Maj.  Gen.  Charles  T.  Menoher,  Director  of  Air  Service,  and  Col.  Thurman  H.  Bane,  Chief 
of  the  Engineering  Division  of  the  Air  Service.  Commander  John  H.  Towers,  United  States 
Navy,  was  succeeded  on  the  committee  by  Capt.  T.  T.  Craven,  United  States  Navy,  Director 
of  Naval  Aviation.    Dr.  John  It.  Freeman  resigned  and  his  successor  has  not  yet  been  appointed. 

The  full  committee  meets  twice  a  year,  the  annual  meeting  being  held  in  October  and  the 
semiannual  meeting  in  April.  The  present  report  includes  the  activities  of  the  committee  be- 
tween the  annual  meeting  held  on  October  10,  1918,  and  that  held  on  October  9,  1919. 

The  present  organization  of  the  committee  is  as  follows: 

Charles  D.  Walcott,  Sc.  D.,  chairman. 
S.  W.  Stratton,  Sc.  D.,  secretary. 
Joseph  S.  Ames,  Ph.  D. 

Col.  Thurman  II.  Bane,  United  States  Army. 
Capt,  T.  T.  Craven,  United  States  Navy. 
William  F.  Durand,  Ph.  D. 
John  F.  Hayford,  C.  E. 
Charles  F.  Marvin,  M.  E. 

Maj.  Gen.  Charles  T.  Menoher,  United  States  Army. 
Michael  I.  Pupin,  Ph.  D. 

Rear  Admiral  D.  W.  Taylor,  United  States  Navy. 

AMENDMENTS  TO  REGULATIONS. 

At  the  annual  meeting  held  on  October  9,  1919,  amendments  to  the  regulations  were 
adopted  which  provided  officially  for  the  position  of  executive  officer,  and  in  accordance  there- 
with Prof.  George  W.  Lewis  was  appointed  executive  officer. 

THE  EXECUTIVE  COMMITTEE. 

For  carrying  out  the  work  of  the  Advisory  Committee  the  regulations  provide  for  the 
election  annually  of  an  executive  committee,  to  consist  of  seven  members,  and  to  include  fur- 
ther any  member  of  the  Advisory  Committee  not  otherwise  a  member  of  the  executive  com- 
mittee, but  resident  in  or  near  Washington  and  giving  his  time  wholly  or  chiefly  to  the  special 
work  of  the  committee.  The  executive  committee,  as  elected  and  organized  on  October  9, 
1919,  is  as  follows: 

Joseph  S.  Ames,  Ph.  D.,  chairman. 

S.  W.  Stratton,  Sc.  D.,  secretary. 

Col.  Thurman  II.  Bane,  United  States  Army. 

Capt.  T.  T.  Craven,  United  States  Navy. 

John  F.  Hayford,  C.  E. 

Charles  F.  Marvin,  M.  E. 

Maj.  Gen.  Charles  T.  Menoher,  United  States  Armv. 
Rear  Admiral  D.  W.  Taylor,  United  States  Navy. 
Charles  D.  Walcott,  Sc.  D. 
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The  executive  committee,  in  accordance  with  the  general  instructions  of  the  Advisory 
Committee,  controls  the  administration  of  the  affaire  of  the  committee  and  exercises  general 
supervision  over  all  arrangements  for  research  and  other  matters  undertaken  or  promoted  by 
the  Advisory  Committee. 

The  executive  committee  held  regular  monthly  meetings  throughout  the  year,  and  in 
addition  held  five  special  meetings  on  the  following  dates: 

October  10,  October  30,  and  December  2,  1918;  February  21  and  August  14,  1919. 

The  commit  tee  has  organized  the  necessary  clerical  and  technical  staffs  for  handling  the 
work  of  the  commit  tec  proper,  nil  of  w  hich  is  performed  under  the  personal  supervision  of  one 
or  more  of  the  officers  of  the  committee.  The  assistant  secretary,  who  also  serves  as  special 
disbursing  agent,  has  charge  of  the  office,  records,  and  property  of  the  committee. 

SUBCOMMITTEES,  FUNCTIONS  AND  ORGANIZATION. 

On  May  20,  1919,  pursuant  to  instructions  of  the  Advisory  Committee,  the  executive  com- 
mittee discharged  all  the  subcommittees  as  established  for  the  war  emergency,  and  established 
new  subcommittees,  with  functions  and  organization  clearly  defined,  as  shown  below.  Under 
provision  of  the  regulations  for  the  conduct  of  the  work  of  the  committee,  the  membership  of 
subcommittees  is  not  limited  to  members  of  the  Advisory  Committee. 

COMMITTEE  ON  AERODYNAMICS. 

FUNCTIONS. 

1.  To  aid  in  determining  t ho  problems  relating  to  the  theoretical  and  experimental  study 
of  aerodynamics  to  be  experimentally  attacked  by  governmental  and  private  agencies. 

2.  To  endeavor  to  coordinate,  by  counsel  and  suggestion,  the  research  and  experimental 
work  involved  in  the  investigation  of  such  problems. 

3.  To  act  as  a  medium  for  the  interchange  of  information  regarding  aerodynamic  investi- 
gations in  progress  or  proposed. 

4.  The  committee  may  direct  and  conduct  research  and  experiment  in  aerodynamics  in 
such  Laboratory  or  laboratories,  either  in  whole  or  in  part,  as  may  be  placed  under  its  direction. 

5.  The  committee  shall  meet  from  time  to  time  on  call  of  the  chairman,  and  report  its 
actions  and  recommendations  to  the  executive  committee. 

ORGANIZATION. 

Dr.  John  F.  Hayford,  chairman. 

Dr.  Joseph  S.  Ames,  vice  chairman. 

Prof.  Charles  F.  Marvin. 

Col.  T.  H.  Bane,  United  States  Army.  • 

Lieut.  Col.  V.  E.  Clark,  United  States  Army. 

Dr.  A.  F.  Zahm. 

Commander  J.  C.  Hunsaker,  United  States  Navy. 

Dr.  L.  J.  Briggs. 

M.  D.  Hersey. 

E.  P.  Warner,  secretary. 

COMMITTEE  ON  POWER  PLANTS  FOR  AIRCRAFT. 

FUNCTIONS. 

1.  To  aid  in  determining  the  problems  relating  to  power  plants  for  aircraft  to  be  experi- 
mentally attacked  by  governmental  and  private  agencies. 

2.  To  endeavor  to  coordinate,  by  counsel  and  suggestion,  the  research  and  experimental 
work  involved  in  the  investigation  of  such  problems. 

3.  To  act  as  a  medium  for  the  interchange  of  information  regarding  aeronautic  power 
plant  investigations,  in  progress  or  proposed. 
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4.  The  committee  may  direct  and  conduct  research  and  experiment  on  aeronautic  power 
plant  problems  in  such  laboratory  or  laboratories,  either  in  whole  or  in  part,  as  may  he  placed 
under  its  direction. 

").  The  committee  shall  meet  from  time  to  time  on  call  of  the  chairman,  and  report  its 
actions  and  recommendations  to  the  executive  committee. 

ORGANIZATION. 

Dr.  W.  S.  Stratton,  chairman. 

L.  M.  Griffith. 

Prof.  George  W.  Lewis. 

Maj.  George  E.  A.  Hallott,  United  States  Army. 
J.  G.  Vincent. 
Harvey  N.  Davis. 
Herbert  Chase. 

Commander  Arthur  K.  Atkins.  United  States  Navy. 
Dr.  H.  C.  Dickinson,  acting  secretary. 

COMMITTKK  ON  MATERIALS  FOR  AIRCRAFT. 

FUNCTIONS. 

1.  To  aid  in  determining  the  problems  relating  to  materials  for  aircraft  to  be  experimentally 
attacked  by  governmental  and  private  agencies. 

2.  To  endeavor  to  coordinate,  by  counsel  and  suggestion,  the  research  and  experimental 
work  involved  in  the  investigation  of  such  problems. 

3.  To  act  as  a  medium  for  the  interchange  of  information  regarding  investigations  ol 
materials  for  aircraft,  in  progress  or  proposed. 

4.  The  committee  may  direct  and  conduct  research  and  experiment  on  materials  for  air- 
craft in  such  laboratory  or  laboratories,  either  in  whole  or  in  part,  as  may  be  placed  under  its 
direction. 

5.  The.  committee  shall  meet  from  time  to  time  on  call  of  the  chairman,  and  report  its 
actions  and  recommendations  to  the  executive  committee. 

ORGANIZATION. 

Dr.  S.  W.  Stratton,  chairman. 

Dr.  G.  K.  Buigess,  vice  chairman. 

Lieut.  Col.  H.  C.  K.  Muhlenberg,  United  States  Army. 

Commander  J.  C.  Hunsaker,  United  States  Navy. 

H.  L.  Whittemore,  acting  secretary. 

COMMITTEE  ON  PERSONNEL,  BUILDINGS,  AND  EQUIPMENT. 

FUNCTIONS. 

1.  To  handle  all  matters  relating  to  personnel,  including  the  employment,  promotion, 
discharge,  and  duties  of  all  employees  and  others  assigned  to  the  committee  for  duty. 

2.  To  consider  questions  referred  to  it  and  initiate  projects  concerning  the  erection  or 
alteration  of  buildings  and  the  equipment  of  buildings,  ollices.  houses,  etc. 

:5.  To  meet  from  time  to  time  on  the  call  of  the.  chairman,  and  report  its  actions  and 
recommendations  to  the  executive  committee. 

4.  To  supervise  such  construction  and  equipment  work  as  may  be  authorized  by  the 
executive  committee. 

ORGANIZATION. 

Dr.  Joseph  S.  Ames,  chairman. 
Dr.  S.  W.  Stratton,  vice  chairman. 
Prof.  Charles  F.  Marvin. 
J.  F.  Victory,  secretary. 
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COMMITTEE  ON  PUBLICATIONS  AND  INTELLIGENCE. 

FUNCTIONS. 

1 .  The  collect  ion,  classi/iciitioii,  and  diffusion  of  technical  knowledge  on  the  subject  of  aeronau- 
tics, including  the  results  of  research  and  experimental  work  done  in  all  parts  of  the  world. 

2.  The  encouragement  of  the  study  of  the  subject  of  aeronautics  in  institutions  of  learning. 

3.  Supervision  of  the  office  of  aeronautical  intelligence. 

4.  Supervision  of  the  foreign  office  in  Paris. 

5.  The  collection  and  preparation  for  publication  of  the  annual  report  and  its  appendixes. 

ORGANIZATION. 

Dr.  Joseph  S.  Ames,  chairman. 

Prof.  Charles  F.  Marvin,  vice  chairman. 

Miss  M.  M.  Midler,  secretary. 

COMMITTEE  ON  GOVERNMENTAL  RELATIONS. 

FUNCTIONS. 

1.  Relations  of  the  committee  with  executive  departments  and  other  branches  of  the. 
Government. 

2.  Governmental  relations  with  civil  agencies. 

ORGANIZATION. 

Dr.  Charles  D.  Walcott,  chairman. 

Dr.  S.  W.  Stratton. 

J.  F.  Victory,  secretary. 

QUARTERS  FOR  COMMITTEE. 

During  the  fiscal  year  ended  June  30.  1919.  the  administrative  offices  of  the  National 
Advisory  Committee  for  Aeronautics  were  located  in  the  Air  Service  Building,  Fourth  Street 
and  Missouri  Avenue  NW.,  Washington.  D.  C.  The  technical  work  of  the  committee,  con- 
ducted by  or  under  the  supervision  of  the  various  subcommittees,  was  carried  on  in  various 
laboratories  and  shops  belonging  to  the  Government,  including  the  Bureau  of  Standards  and  the 
committee's  own  field  station  at  Langley  Field.  Ya.,  and  also  in  various  laboratories  connected 
with  institutions  of  learning  whose  cooperation  in  the  conduct  of  scientific  research  in  aeronau- 
tics had  boon  secured. 

THE  FIELD  STATION. 

The  committee's  field  station  as  a  whole,  comprises  a  research  laboratory,  an  aerodynamical 
laboratory,  and  an  engine  dynamometer  laboratory,  all  of  which  buildings  have  been  erected 
by  the  committee  on  a  tract  at  Langley  Field.  Ya.,  known  as  plot  16.  which  was  set  aside  for  the 
committee's  use  by  the  Chief  Signal  Officer  of  the  Army  in  1916.  Its  use  by  the  committee  was 
officially  approved  by  the  Acting  Secretary  of  War  on  April  24,  19J9. 

Langley  Field  was  selected  as  the  site  for  the  conduct  of  the  committee's  research  work 
at  a  time  when  it  was  the  intention  of  the  Army  and  Navy  authorities  to  concentrate  all  research 
and  experimental  work  in  aeronautics  at  Langley  Field.  The  Navy  subsequently  secured  a 
site  of  its  own  on  the  other  side  of  Chesapeake  Bay,  but  the  Army  and  the  committee  proceeded 
with  their  original  plans  for  the  use  of  Langley  Field.  Owing  to  war  pressure,  however,  the. 
experimental  work  of  the  Army  was  early  moved  to  McCook  Field,  Dayton.  Ohio,  and  Langley 
Field  was  used  primarily  during  the  war  as  a  training  school  for  aviators. 

The  Army  intends  to  continue  its  experimental  work  at  Dayton,  and  to  use  Langley  Field 
as  a  training  and  coast  defense  station  and  for  experimental  development  work  on  airships. 

Added  to  these  circumstances  are  other  considerations,  of  minor  importance  when  taken 
singly,  but  collectively  forming  a  compelling  reason  for  the  committee  to  recommend,  after 
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careful  deliberation,  that  Congress  authorize  the  removal  of  its  activities  from  Langley  Field, 
Va.,  to  Boiling  Field,  D.  C.  The  committee  belives  it  uneconomical  and  unsatisfactory  to 
remain  at  Langley  Field.  The  same  work  can  be  carried  on  more  efficiently,  more  promptly, 
and  more  economically  at  Boiling  Field,  where  the  work  can  be  more  closely  watchod  by  all 
members  of  the  committee,  and  where  the  members  of  the  engineering  staff  in  charge  of  work 
can  have  ready  access  to  the  committee,  to  large  libraries  and  other  sources  of  information, 
constant  communication  with  the  Bureau  of  Standards,  a  more  satisfactory  market  for  labor 
and  supplies  and  adequate  power  supply,  and  relief  from  the  perplexing  question  of  securing 
quarters  at  Langley  Field  or  in  Hampton  or  other  near-by  towns.  Much  direct  effort  is  wasted 
in  striving  to  accomplish  results  in  the  face  of  the  dilliculties  encountered  at  Langley  Field 
The  Army's  plans  for  the  development  of  Langley  Field  as  a  coast  defense  station  will  require 
its  use  of  the  entire  field  and  its  facilities.  The  Army  Air  Service  and  the  Naval  Air  Service 
arc  in  accord  with  the  committee  in  strongly  recommending  that  Congress  authorizo  the  removal 
of  the  committee's  research  activities  anil  the  equipment  used  in  connection  therewith  to  Boiling 
Field,  the  disposal  of  the  committee's  buildings  at  Langley  Field  to  the  Air  Service  of  the  Army, 
and  the  erection  of  the  necessary  permanent  buildings  at  Boiling  Field.  There  is  an  immense 
advantage  to  be  gained  from  the  conduct  of  scientific  work  in  a  center  of  education  and  learning, 
and  where  it  would  be  possible  to  confer  with  visiting  scientists.  Work  conducted  at  Boiling 
Field  would  also  have  the  advantage  of  being  accessible  to  Members  of  Congress. 

THE  RESEARCH  LABORATORY. 

The  research  laboratory  at  Langley  Field,  Va.,  is  the  headquarters  of  the  committee's 
field  station.  It  is  a  permanent  brick  building,  containing  small,  well-equipped  woodworking 
and  machine  shops,  photographic  and  instrument  laboratories,  and  offices  of  the  clerical  and 
drafting  force  of  the  field  station.  The  principal  work  of  the  research  laboratory  as  a  unit  is 
to  serve  the  needs  of  the  aerodynamical  laboratory  and  the  engine  dynamometer  laboratory, 
in  which  the  actual  tests  and  experimental  work  are  conducted. 

THE  AERODYNAMICAL  LABORATORY. 

In  addition  to  the  facilities  for  instrument,  machine,  and  photographic  work  housed  in  the 
research  laboratory  building,  the  aerodynamical  laboratory  consists  of  a  5-foot  wind  tunnel 
located  in  a  specially  constructed  permanent  wind  tunnel  building.  The  wind  tunnel  has  been 
completed  but  is  not  yet  in  operation,  due  to  lack  of  power.  The  Army's  power  plant  at  Langley 
Field  has  not  been  completed,  and  no  work  is  being  done  on  same,  due  to  lack  of  funds.  The 
power  company  of  the  city  of  Hampton  is  unable  to  furnish  the  necessary  power.  The  com- 
mittee proposes  to  install  a  200  to  300  horsepower  electric  dynamometer  to  furnish  direct  cur- 
rent temporarily.  This  dynamometer  will  be  operated  by  a  Liberty  engine,  and  will  be  con- 
verted to  its  proper  laboratory  work  as  soon  as  other  means  of  securing  power  can  be  obtained. 
Reference  to  the  work  of  the  aerodynamical  laboratory,  which  includes  the  testing  of  the  per- 
formance of  airplanes  in  full  flight,  is  made  in  another  part  of  this  report  under  the  "lleport  of 
the  Committee  on  Aerodynamics." 

THE  ENGINE  DYNAMOMETER  LABORATORY. 

The  engine  dynamometer  laboratory  is  at  present  temporarily  housed  in  a  four-section 
steel  airplane  hangar,  erected  during  the  past  year.  The  major  items  of  the  present  equipment 
consists  of  one  300  to  400  horsepower  electric  dynamometer,  one  40  to  75  horsepower  electric 
dynamometer,  and  one  2A  horsepower  bench  electric,  dynamometer.  The  two  larger  machines 
are  completely  equipped  with  auxiliary  apparatus  sufficient  to  obtain  all  the  data  necessary  for 
standard  tests,  as  well  as  that  necessary  in  connection  with  the  special  investigations  now  in 
progress  or  contemplated  in  the  immediate  future.  Operation  of  this  equipment  has  been 
prevented  by  lack  of  power,  but  it  is  expected  that  this  difficulty  will  shortly  be  overcome  in 
the  manner  mentioned  in  the  description  of  the  aerodynamical  laboratory.  Samples  of  domestic 
and  foreign  aircraft  engines  have  been  assembled  at  the  engine  dynamometer  laboratory  for 
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study  and  test.  The  laboratory  will  furnish  temporarily  the  power  for  its  own  operation  and 
for  the  operation  of  the  aerodynamical  laboratory,  ponding  the  erection  of  the  Army's  power 
plant. 

OFFICE  OF  AERONAUTICAL  INTELLIGENCE. 

The  OHice  of  Aeronautical  Intelligence  has  continued  its  work  of  collecting,  analyzing, 
classifying,  and  disseminating  scientific  reports  and  technical  data  on  aeronautical  subjects. 
The  work  is  conducted  under  the  personal  supervision  of  Dr.  Joseph  S.  Ames,  member  of  the 
committee,  acting  also  as  Director  of  the  Office  of  Aeronautical  Intelligence. 

The  general  policy  of  the  office  is  not  only  to  make  available  to  all  who  are  properly  inter- 
ested the  results  of  recent  developments  in  aeronautics,  scientific  reports,  and  technical  data 
secured  from  many  sources,  but  also  to  bring  such  material  to  their  attention  in  an  appropriate 
manner. 

The  different  reports  received  from  outside  sources  during  the  past  year  numbered  approx- 
imately 2,300.  Many  of  these  were  copied  in  the  office  for  distribution,  others  were  filed  for 
reference  only,  and  the  remainder,  because  they  were  too  large  to  copy,  were  circulated  on  loan. 
The  records  of  the  office  show  that  copies  of  technical  reports  were  distributed  among  various 


agencies  as  follows: 

Field  station.  National  Advisory  Committee  for  Aeronautics   502 

Paris  office.  National  Advisory  Committee  for  Aeronautics   678 

Air  Service  of  the  Army   1,319 

Naval  Air  Service   946 

Miscellaneous  governmental  agencies   503 

Aircraft  manufacturers   1,247 

Educational  institutions   352 

Private  individuals,  unattached   160 

Foreign  distribution   1,734 

Total   7,441 


The  above  figures  do  not  include  the  distribution  of  technical  reports  printed  by  the  com- 
mittee with  its  annual  reports.  They  refer  only  to  reports  of  which  duplicates  were  made 
available  by  typewriting,  blue  printing,  photostating,  etc. 

The  Paris  oifice  of  the  National  Advisory  Committee  for  Aeronautics  was  opened  in  June, 
1919,  for  the  purpose  of  securing  by  exchange  scientific  reports  and  technical  data  in  European 
countries,  particularly  England,  France,  and  Italy,  and  its  administration  was  placed  under 
the  Office  of  Aeronautical  Intelligence. 

THE  PARIS  OFFICE. 

On  May  20,  1919,  the  committee  authorized  the  establishment  of  a  foreign  office  with 
headquarters  in  Paris,  to  be  under  the  general  supervision  of  the  Committee  on  Publications 
and  Intelligence  and  under  the  immediate  supervision  of  a  technical  assistant  in  Europe.  Ar- 
rangements were  made  with  the  State  Department  to  have  the  technical  assistant  in  Europe 
to  the  National  Advisory  Committee  for  Aeronautics  accredited  officially  to  the  Governments 
of  Great  Britain,  France,  and  Italy. 

The  Paris  office  of  the  committee  was  opened  in  June,  1919,  with  Mr.  William  Knight,  M.  E., 
in  charge.  The  general  functions  of  the  Paris  office  are  to  collect  and  exchange  reports,  data, 
and  miscellaneous  information  of  a  purely  technical  and  scientific,  nature  relating  to  aeronautics; 
to  translate  this  information,  and  to  prepare  abstracts  of  important  articles  relating  to  aero- 
nautics  appearing  in  European  scientific  publications.  The  technical  reports  and  information 
collected  by  the  Paris  office  are  transmitted  to  the  Office  of  Aeronautical  Intelligence  for  distri- 
bution in  this  country. 

It  is  also  a  function  of  the  technical  assistant  in  charge  of  the  Paris  office  to  secure  special 
information  for  American  military  and  naval  attaches  or  for  special  air  service  representatives 
on  request;  to  keep  in  close  touch  with  the  scientific  research  in  progress,  particularly  at  the  St. 
Cyr  Aerodynamic  Laboratory,  in  France,  the  National  Physical  Laboratory,  in  England,  and  the 
Institute  Centrale  Aeronautico,  in  Italy,  and  visit  Italy  and  England  once  or  twice  a  year  to 
gather  the  latest  information. 
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INTERNATIONAL  AIR  NAVIGATION. 

Under  (late  of  December  IS,  1018,  the  commit  tee  reported  to  the  President  that  the  expected 
development  of  commercial  aviation  would  Tiiake  it  exceedingly  desirable  that  certain  funda- 
mental principles  be  agreed  upon  at  the  peace  conference  in  relation  to  international  air  naviga- 
tion and  at  that  time  suggested  certain  principles  for  consideration. 

In  March.  11)10.  the  committee  received  through  the  State  Department  a  copy  of  proposed 
regulations  for  international  air  navigation  prepared  by  the  Inter-Ministerial  Commission  of 
Civil  Aeronautics  appointed  by  the  peace  conference  at  Paris.  The  committee  at  that  time 
was  not  asked  to  comment  on  the  terms  of  the  document.  It  (fid,  however,  report  to  the  Presi- 
dent that  certain  minor  changes  in  the  use  of  technical  terms  were  advisable  and  submitted  a 
revised  draft  of  the  convention  to  the  President  for  his  use  at  the  peace  conference. 

Under  date  of  August  9,  1919,  the  Secretary  of  State  officially  submitted  to  the  com- 
mittee a  copy  of  the  proposed  convention  for  the  regulation  for  international  air  navigation 
prepared  by  the  Inter-Ministerial  Commission  of  Civil  Aeronautics  and  requested  that  the 
National  Advisory  Committee  for  Aeronautics  give  this  proposed  convention  its  early  con- 
sideration and  furnish  him  any  comment  or  suggestions  or  statement  of  views  it  may  feel 
called  upon  to  make,  adding  that  the  convention  was  at  that  time  the  subject  of  conferences 
between  representatives  of  the  various  powers  at  Paris.  He  stated  furthermore  that  the 
following  governmental  agencies  had  similarly  been  requested  to  give  consideration  to  the 
proposed  convention:  War,  Navy,  Treasury,  and  Post  Office  Departments,  Geological  Survey, 
and  Patent  Office. 

A  special  meeting  of  the  executive  committee  of  the  National  Advisory  Committee  for 
Aeronautics  was  accordingly  held  on  August  14,  1919,  at  which  a  special  subcommittee  on 
international  air  navigation  was  appointed  consisting  of  representatives  of  the  Weather 
Bureau,  the  Army  and  Navy  Air  Services,  the  Post  Office  Department,  the  Customs  Service, 
the  Geological  Survey,  the  Commissioner  of  Patents,  the  Manufacturers  Aircraft  Association, 
and  the  National  Advisory  Committee  for  Aeronautics.  The  functions  of  this  subcommittee 
were  defined  as  follows: 

First.  To  consider  the  convention  relating  to  international  air  navigation  and  the  report 
of  the  aeronautical  commission  thereon  rendered  to  the  conference  of  peace. 

Second.  To  discuss  the  contemplated  reports  to  the  Secretary  of  State  of  the  various 
departments  before  official  transmission  to  the  State  Department. 

Third.  To  endeavor  to  coordinate  as  far  as  possible  such  criticisms,  suggestions,  or  reser- 
vations as  various  departments  may  contemplate  reporting  separately  to  the  Secretary  of  State. 

Fourth.  To  submit  a  report  with  recommendations  to  the  executive  committee. 

The  special  subcommittee  on  international  air  navigation,  above  referred  to,  held  meetings 
on  August  '_'()  and  Jfi,  1010,  at  which  all  agencies  above  referred  to  were  represented  with  the 
exception  of  the  Manufacturers  Aircraft  Association.  The  special  subcommittee  was  a  useful 
agency  not  only  for  considering  the  convention  from  the  point  of  view  of  the  National  Advisory 
Committee  for  Aeronautics  but  also  for  coordinating  the  views  of  the  various  departments 
whose  opinions  had  been  requested  by  the  Secretary  of  State.  It  submitted  its  report  on 
September  12,  1919,  recommending  that  tin*  United  States  accept  the  convention  with  certain 
reservations,  which  were  stated.  The  report  of  the  special  subcommittee  was  approved  by 
the  National  Advisory  Committee  for  Aeronautics  and  transmitted  to  the  Secretary  of  State 
on  September  15,  1919. 

COMPILATION  OF  LAWS  ON  AIR  NAVIGATION. 

In  December,  101S,  the  committee  made  a  compilation  of  the  laws  and  regulations  govern- 
ing aerial  navigation  in  all  countr  ies.  States,  and  cities,  including  the  findings  of  committees  and 
international  organizations  relating  to  the  subject. 
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FEDERAL  REGULATION  OF  AERIAL  NAVIGATION. 

In  November,  1918,  the  commit  too  made  a  census  of  the  legislation  enacted  l>y  the  various 
Stales  of  (he  United  Slates  for  the  regulation  of  aerial  navigation.  With  a  further  view  to 
recommending  legislation  for  the  Federal  regulation  of  aerial  navigation,  the  committee  under 
date  of  November  6,  1918,  requested  the  Secretaries  of  War,  Navy,  and  Commerce,  and  the 
Postmaster  General  to  designate  special  representatives  to  cooperate  with  iho  committee. 
Those  representatives  wore  appointed  and  a  Special  Interdepartmental  Conference  on  Aerial 
Navigation  was  organized  as  follows: 

War  Department: 

Col.  Arthur  Wood. 

Col.  P.  R.  Kenney. 
Navy  Department: 

Rear  Admiral  W.  R.  Shoemaker. 

Commander  J.  H.  Towers. 
Post  Office  Department: 

Mr.  Otto  Praegor. 
Department  qj  Gommebob: 

Dr.  S.  W.  Stratton. 
National  Advisory  Committf.f.  foii  Af-honautics: 

Dr.  Charles  D.  Walcott. 

Dr.  Joseph  S.  Amos. 

The  interdepartmental  conference  elected  Dr.  Walcott  chairman  and  appointed  a  sub- 
committee on  aerial  legislation,  with  Admiral  Shoemaker  as  chairman,  to  draft  the  proposed 
legislation.  This  subcommittee  first  recommended  legislation  authorizing  the  appointment  of 
a  joint  board  consisting  of  the  Secretaries  of  War,  Navy,  Commerce,  and  Treasury,  and  the 
Postmaster  General  to  regulate  aerial  navigation  in  the  United  Stales,  but  this  recommenda- 
tion was  not  approved.  The  transfer  of  the  military  and  naval  members  of  the  interdepart- 
mental conference  on  aerial  legislation  to  duty  outside  of  Washington  terminated  its  activi- 
ties. 

The  executive  commit  tee  of  the  National  Advisory  Committee  for  Aeronautics  gave  further 
consideration  to  the  question  and  under  date  of  February  21,  1919,  transmitted  to  the  Presi- 
dent a  draft,  of  proposed  legislation  placing  the  regulation  of  aerial  navigation  under  the 
Department  of  Commerce  together  with  a  statement  of  the  reasons  therefor.  The  committee 
first  secured  the  approval  of  the  Secretaries  of  War,  Navy,  and  Commerce  to  this  proposed 
legislation,  and,  thus  indorsed,  it  was  approved  by  the  President  on  February  25,  1919,  and 
transmitted  to  Congress  through  the  Secretary  of  the  Treasury  on  February  26,  1919.  It 
failed  to  pass  at  that  session  of  Congress,  however,  due  to  the  great  crush  of  business  at  the 
end  of  the  session.  The  Joint  Army  and  Nav.y  Board  on  Aeronautics,  having  authority  only 
for  he  duration  of  the  war,  has  continued  temporarily  to  issue  licenses  for  aviators  pending 
the  enactment  of  Federal  legislation  on  this  subject. 

CIVIL  AERIAL  TRANSPORT. 

The  committee  believes  that  the  development  of  civil  aerial  transport  on  a  commercial 
basis  is  assured.  The  greatest  need  at  the  present  time  is  the  proper  location  and  maintenance 
of  suitable  landing  fields  in  every  city  and  town.  These  landing  fields  should  be  established 
and  maintained  by  the  municipalities  as  part  of  park  systems.  The  Government  should 
cooperate  at  the  banning  by  assisting  in  laying  out  the  fields  according  to  approved  specifi- 
cations and  by  the  erection  of  at,  least  one  airplane  hangar  on  each  field.  The  fields  should  be 
made  available  for  use  alike  by  Government  and  private  aviators.  The  initiative  in  this 
matter  properly  rests  with  the  people,  under  our  principles  of  Government,  but  it  is  deemed 
appropriate  at  this  time  to  invite  attention  to  the  fact  that  the  Governments  of  Great  Britain 
and  of  France  have  offered  comparatively  large  sums  of  money  as  prizes  for  certain  develop- 
ments in  aeronautics  and  also  as  subsidies  for  the  establishment  and  maintenance  of  com- 
153215— S.  Doe.  106,  66-2  2 
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mereial  air  routes.  Commercial  aeronautics  will  be  very  slow  indeed  to  get  started  in  the 
United  States  in  the  absence  of  material  encouragement  and  help  from  the  Government.  At 
the  present  time  there  is  no  governmental  agency  duly  authorized  to  expend  funds  in  aiding 
the  development  of  commercial  aviation. 

Dr.  W.  F.  Durand,  a  member  of  the  Advisory  Committee,  prepared  a  comprehensive 
statement  of  the  need,  the  opportunity,  and  the  difficulties  of  establishing  commercial  aviation 
in  this  country,  which  Was  issued  by  the  committee  in  August,  1919. 

4  AIRCRAFT  STANDARDS. 

The  International  Aircraft  Standards  Commission  established  during  the  war  adopted  a 
program  calling  for  the  permanent  participation  of  various  nations  in  such  a  commission  with 
a  view  to  the  establishment  and  maintenance  of  standard  terms  amd  practices  for  aeronautics. 
In  June,  1919,  the  committee  recommended  to  Congress  that  it  be  authorized,  along  with  other 
Government  departments,  to  advise  in  the  selection  of  representatives  to  attend  such  a  con- 
ference abroad  if  American  participation  were  approved  by  Congress.  In  the  absence  of  such 
approval  by  Congress,  the  Committee  on  Aerodynamics  of  the  National  Advisory  Committee 
for  Aeronautics  has  undertaken  the  establishment  of  certain  aeronautical  standards  in  this 
country  with  the  cooperation  of  the  military  and  naval  air  services,  the  Bureau  of  Standards, 
and  other  Government  agencies  concerned. 

NOMENCLATURE  FOR  AERONAUTICS. 

During  the  past  year  the  committee  has  continued  its  work  on  the  standardization  of 
English  nomenclature  for  aeronautics,  it  is  at  present  engaged  in  an  extensive  revision  of 
its  last  report  on  nomenclature  (No.  2">)  published  in  the  fourth  annual  report.  It  is  proposed 
to  make  the  nomenclature  more  comprehensive,  to  illustrate  definitions  where  necessary  or 
advisable,  and  to  include  aerodynamic  symbols.  After  agreement  has  been  reached  among 
the  various  interested  agencies  in  America,  the  committee  will  undertake  to  secure  uniformity 
with  Great  Britain  in  the  use  of  technical  terms  and  symbols. 

BIBLIOGRAPHY  OF  AERONAUTICS. 

The  committee  has  continued  the  bibliography  of  aeronautics  during  the  past  year.  The 
publications  on  this  subject  are  printed  and  issued  apart  from  the  annual  reports.  The  first 
work  on  this  subject  was  prepared  by  Mr.  Paul  Brockett  of  the  Smithsonian  Institution  and 
included  the  period  up  to  1910.  The  committee  has  prepared  a  bibliography  of  aeronautics 
from  1910  to  1 91 G  in  two  volumes,  and  a  bibliography  for  the  years  1917  and  1918  has  been 
prepared  in  one  volume.  It  is  (he  present  policy  of  the  committee  to  issue  a  current  bibli- 
ography annually  in  the  future. 

AERIAL  PHOTOGRAPHY. 

On  March  7,  1919,  a  Special  Subcommittee  on  Aerial  Photographic  Surveying  and  Mapping 
was  appointed  consisting  of  Dr.  Joseph  S.  Ames,  Dr.  John  R.  Freeman,  Dr.  John  F  Hayford, 
and  Dr.  Charles  F.  Marvin,  to  consider  ways  and  means  of  coordinating  the  activities  and  meth- 
ods of  the  various  governmental  agencies  interested  in  the  application  of  aerial  photography" 
to  surveying  and  mapping.  On  invitation  of  the  Executive  Committee,  based  on  recommenda- 
tion of  this  special  subcommittee,  representatives  of  t lit*  following  go\ einmental  agencies  met 
with  the  Subcommittee  on  Aerial  Photographic  Surveying  and  Mapping  on  April  23,  1919:  The 
Air  Service  of  the  Army;  Corps  of  Engineers,  United  States  Army;  Naval  Air  Service;  Geolog- 
ical Survey;  Coast  and  Geodetic  Survey;  Post  Oflice  Department;  Bureau  of  Standards. 

The  National  Advisory  Committee  for  Aeronautics  suggested  that  consideration  be  given 
by  the  representatives  of  the  various  governmental  agencies  interested  to  the  phases  of  aerial 
photography  and  mapping  which  the  various  agencies  were  best  qualified  and  equipped  to  handle, 
in  order  that  the  work  of  each  may  be  made  to  fit,  whore  practicable,  into  that  of  the  others,  and 
made  other  suggestions  with  a  view  to  organizing  the  aerial  photographic  work  of  the  Govern- 
ment in  a  manner  calculated  to  secure  the  best  results. 
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The  committee  on  aerial  photographic  surveying  and  mapping,  as  a  result  of  its  confer- 
ence with  representatives  of  other  departments,  recommended  the  formation  of  an  interde- 
partmental committee  on  aerial  surveying.  This  recommendation  was  approved  by  the  Exec- 
utive Committee  and  an  interdepartmental  committee  on  aerial  surveying  was  formed  and 
the.  committee  on  aerial  photographic  surveying  and  mapping  was  discharged. 

INTERDEPARTMENTAL  COMMITTEE  ON  AERIAL  SURVEYING. 

In  accordance  with  recommendation  of  the  committee  on  aerial  photographic  surveying 
and  mapping  of  the  National  Advisory  Committee  for  Aeronautics,  the  executive  committee 
of  the  Xational  Advisory  Committee  for  Aeronautics  invited  the  heads  of  various  Government 
departments  to  designate  representatives  of  the  various  Government  bureaus  and  agencies 
interested  in  aerial  photography  for  mapping  purposes  to  serve  as  members  of  an  interdepart- 
mental committee  on  aerial  surveying.  In  accordance  therewith,  an  interdepartmental  com- 
mittee on  aerial  surveying  was  formed,  consisting  of  representatives  of  various  Government 
organizations  as  follows: 

National  Advisory  Committee  for  Aeronautics: 
Dr.  Charles  D.  Walcott. 
Dr.  John  F.  llayford. 
War  Department: 

Air  Service  of  the  Army — 

Lieut.  Col.  John  S.  Sullivan. 
Capt.  H.  E.  Ives. 

Corps  of  Engineers —  » 

Col.  E.  E.  Winslow. 

Col.  E.  H.  Marks. 
Navy  Department: 

Aviation  Section —  » 

Lieut.  W.  L.  Richardson. 
Hydrographic  Office — 

Commander  E.  H.  Tillman. 
Department  of  the  Interior: 
Geological  Survey — 

Dr.  George  Otis  Smith. 

Mr.  R.  B.  Marshall. 
General  Land  Office — 

Mr.  I.  P.  Berthrong. 

Mr.  Arthur  D.  Kidder. 
I       Reclamation  Service — 

Mr.  C.  A.  Bissell. 

Mr.  E.  C.  Bebb. 
Department  of  Agriculture: 
Forest  Service — 

Mr.  A.  F.  Potter. 

Mr.  C.  A.  Kdlb. 
Soil  Survey — 

Dr.  Curtis  Fletcher  Marbut. 

Mr.  Ellsworth  M.  Eastwood. 
Bureau  of  Public  Roads — 

Mr.  V.  M.  Pierce. 

Mr.  M.  0.  Eldridge. 
Post  Office  Department: 
Aerial  Mail  Division — 

Mr.  James  C.  Edgerton. 
Topography  Branch — 

Mr.  David  M.  Hildreth. 
Department  of  Commerce: 
Coast  and  Geodetic  Survey — 

Col.  E.  Lester  Jones. 

Mr.  William  Bowie. 
Burea  of  Standards — 

Mr.  W.  F.  Meggers. 
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The  first  meeting  of  the  interdepartmental  committee  on  aerial  surveying  was  held  on 
May  2.  1919,  and  an  organization  effected  by  the  election  of  the  following  officers: 

Chairman.  Dr.  Charles  1).  Walcott,  of  the  National  Advisor}- Committee  for  Aeronautics; 

Vice  chairman.  Col.  E.  Lester  Jones,  of  the  Coast  and  Geodetic  Survey; 

Secretary,  Lieut.  Col.  John  S.  Sullivan,  of  the  Air  Service  of  the  Army; 

Assistant  secretary,  Mr.  John  F.  Victory,  of  the  National  Advisory  Committee  for 
Aeronautics. 

A  subcommittee  on  program  was  appointed,  consisting  of  representatives  of  six  services 
of  the  Government,  with  Dr.  George  Otis  Smith,  of  the  Geological  Survey,  as  chairman.  This 
subcommittee  on  program  considered  the  needs  of  the  various  services  and  submitted  the 
following  report,  which  was  adopted  at  a  meeting  of  the  Interdepartmental  Committee  on 
Aerial  Surveying  on  May  16,  1919: 

REPORT  OF  COMMITTEE  ON  PROGRAM,  INTERDEPARTMENTAL  COMMITTEE  ON  AERIAL  SURVEYING. 

Airplane  photography  as  an  aid  in  mapping  can  not  be  divorced  from  surveying.  Its 
only  use  in  mapping  must  be  as  an  adjunct  to  surveys  on  the  earth's  surface.  Thus,  first  in 
order  of  importance,  is  the  definite  adjustment  of  the  airplane  photograph  to  the  mapping 
scale  by  ties  to  the  horizontal  control  established  oil  the  ground. 

In  the  practical  procedure,  the  first  recpiirement  is  that  the  photograph  be  taken  in  a 
horizontal  position,  or  that  it  be  re<  tified  so  as  to  bring  it  into  the  horizontal  position,  and 
thereby  eliminate  distortion  due  to  tilt  of  the  camera.  The  second  requirement  is  that 
distortions  due  to  relief  of  the  earth's  surface  be  corrected.  The  third  requirement  is  that 
of  bringing  the  pictures  to  a  uniform  scale.  When  these  requirements  have  all  been  met  the 
data  are  at  hand  for  reconstructing  on  the  map  those  features  of  the  earth's  surfac  e  which 
are  to  be  projected  on  the  horizontal  plane.  t 

Even  with  the  maximum  of  perfection  in  airplane  photographic  technique  the  results 
for  mapping  purposes  can  not  exceed  inaccuracy  the  quality  of  the  ground  control. 

The  present  stage  in  the  application  of  aerial  photography  to  map  making  relates  only 
to  the  representation  of  the  horizontal  elements  of  the  map;  as  yet  land  relief  can  be  regarded 
as  only  an  obstacle  to  be  overcome  in  the  mapping  of  horizontal  features.  The  future  devel- 
opment of  relief  determination  from  the  airplane  will  be  chid!  subject  for  study  for  a  properly 
constituted  aerial  photographic  research  laboratory,  working  in  conjunction  with  experts 
from  the  various  mapping  bodies. 

The   practical  program  now  presented  in-  hides  the  following: 

1.  The  surveying  agencies  now  authorized  by  law  should  continue  their  work  to  meet 
their  own  needs,  and  the  interdepartmental  committee  on  aerial  surveying  should  act  in  an 
advisory  capacity  to  facilitate  such  work 

2.  The  four  surveying  and  map-publishing  bureaus  should  continue  in  their  respective 
fields,  cooperating  as  hitherto,  and  together  utilizing  to  the  fullest,  extent  possible  this  new 
instrument. 

3.  To  sec  ure  the  best  results,  the  cooperation  of  the  Army  and  Navy  Air  Services  with 
each  other  and  with  the  other  bureaus  is  absolutely  requisite.  Cooperation  is  not  only 
economical,   but  essential  to  efficiency. 

4.  Effective  public  service  can  not  be  attained  in  highly  technical  work  by  giving  over 
to  a  new  organization  functions  already  possessed  by  another  organization  with  an  equally 
specialized  personnel.  Neither  should  the  old  organizations  seek  to  invade  the  province  of 
air  navigation,  which  by  all  practical  considerations  should  belong  exclusively  to  the  two  air 
services. 

5.  The  surveyor  must  be  an  experienced  topographic  engineer  whether  he  operates 
from  the  airplane  with  the  camera  as  his  instrument  or  on  the  ground  with  the  plane  table. 
He  must  be  trained  in  the  study  of  topographic  forms  in  order  that  he  may  plan  his  work 
after  having  made  the  necessary  reconnaissance  flights,  that  he  may  keep  properly  plotted 
on  his  record  map  the  progress  of  the  surveys,  and  partic  ularly  that  he  may  put  down  the 
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numerous  notes  absolutely  necessary  for  expeditiously  and  correctly  assembling  t lie*  picture's 
after  they  are  taken.  The  resulting  map  will  be  a  composite,  and  the  securing  of  the  map 
details  either  from  the  air  or  on  the  ground  must  be  under  the  control  of  the  engineer  work- 
ing under  the  direction  of  the  surveying  bureau. 

6.  Transportation  in  the  air  is  a  specialized  problem  for  the  accomplishment  of  which 
the  surveying  bureaus  must  look  to  the  air  services.  Experience  lias  demonstrated  that 
correct  flying  for  photographic  surveying  is  probably  (he  most  difficult  work  required  of  the 
pilot  and  is  only  attained  on  his  part  by  training  and  by  the  most  careful  attention  to  his 
task  while  in  the  air.  In  rendering  this  aid,  the  air  services  will  cooperate  in  an  important 
function  of  the  Government,  at  the  same  time  maintaining  their  own  personnel  in  a  high 
state  of  technical  training  and  efficiency: 

7.  The  present  emergency  in  applying  aerial  photography  to  this  desired  use  ne<  essitates 
the  immediate  creation  of  a  subcommittee  on  technical  research,  for  the  scientific  investiga- 
tion of  instruments  and  methods.  We  recommend,  therefore,  the  appointment  of  a  repre- 
sentative but  small  committee,  and  suggest  the  following  men  for  service  on  this  committee: 

Lieut.  W.  L.  Richardson,  Naval  Air  Service, 
('apt.  II.  E.  Ives,  Army  Air  Service. 

Maj.  J.  W.  Bagley,  Corps  of  Engineers  and  Geological  Survey. 
Lieut.  Earl  F.  Church,  Coast  and  Geodetic  Survey. 

(During  Maj.  Bagley  s  absence  in  France,  Mr.  F.  II.  Molfit,  of  the  Geological 
Survey,  to  serve  in  his  place.) 

The  immediate  work  of  this  committee  should  be  t<  npare  the  progress  made  so  far  by 

the  different  workers  and  make  plans  for  the  solution  of  the  present  most  pressing  problems. 
To  get  the  results  immediately  needed,  we  also  rec  ommend  the  organization  of  an  aerial 
photographic  research  laboratory,  under  such  auspices  as  may  be  advisable  and  feasible, 
with  personnel  and  equipment  adequate  to  handle  the  problems  presented  by  the  various 
bodies  concerned  with  the  utilization  of  aerial  photography  for  the  Government,  both  in 
peace  and  in  war. 

In  accordance  with  subsequent  action  at  the  same  mectimr.  an  executive  committee'  was 
established  and  also  a  subcommittee  on  technical  research.  Letters  were  addressed  to  the 
Secretaries  of  War  and  of  the  Navy  through  the  National  Advisory  Committee  for  Aeronautics 
recommending  that  the  existing  restrictions  in  the  military  and  naval  regulations  be  removed 
to  permit  the  taking  of  photographs  from  aircraft  for  mapping  purposes  by  persons  outside  the 
military  and  naval  air  services. 

The  National  Advisory  Committee  for  Aeronautics  transmitted  these  recommendations  to 
the  Secretaries  of  War  and  of  the  Navy  with  its  recommendation  that,  in  view  of  the  fact  that 
map  making  by  the  use  of  aerial  photography  is  still  in  the  experimental  stage  and  that  the 
equipment  available  for  this  work  is  in  the  hands  of  the  military  and  naval  air  services. 'these 
services  should  cooperate  with  all  agencies  of  the  Government  interested  in  (he  application  of 
aerial  photography  to  map  making  by  the  taking  of  such  photographs  as  may  be  desired  by 
such  agencies.  This  recommendation  was  approved  by  the  Secretary  of  War.  The  Secretary  of 
the  Navy  went  further  in  the  matter  and  agreed  to  authorize  the  taking  of  such  photographs 
by  persons  in  the  service  of  the  various  map  making  agencies  of  the  Government. 

No  further  meetings  of  the  full  interdepartmental  committee  on  aerial  surveying  have 
been  held,  but  its  executive  committee  and  the  subcommittee  on  technical  research  have  con- 
tinued to  function.  The  organization  and  work  of  the  interdepartmental  committee  on  aerial 
surveying  have  not  involved  the  direct  expenditure  of  public  funds. 

AERONAUTICAL  INVENTIONS. 

The  committee  has  continued  during  the  past  year  the  analysis  and  disposition  of  inventions 
in  aeronautics  submitted  directly  to  it  by  inventors  or  referred  to  it  after  preliminary  considera- 
tion by  the  military  or  naval  air  services  or  other  branches  of  the  Government.  The  volume  of 
this  work  has  been  greatly  reduced  since  the  armistice  but  the  average  merit  of  the  propositions 
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considered  has  been  of  a  higher  order.  Inventions  submitted  to  the  committee  are  given  pre- 
liminary consideration  in  the  office  of  the  committee  and  if  deemed  worthy  are  referred  to  the 
proper  subcommittee  for  detailed  consideration  or  inspection  as  the  case  may  warrant.  In 
this  procedure  novel  ideas  of  merit  are  brought  promptly  to  the  attention  of  the  various  services 
interested. 

ARMY  MEDICAL  RESEARCH  WORK  ON  AVIATORS. 

In  accordance  with  a  War  Department  order  in  October,  1917,  the  following  officers  were 
directed  to  report  to  the  chief  surgeon  of  the  Aviation  Section,  Signal  Corps,  for  assignment  to 
duty  as  members  of  the  medical  research  board  of  the  Air  Service:  Maj.  John  B.  Watson,  Maj. 
Wm,  II.  Wilmer,  Maj.  Edward  G.  Seibert,  and  Maj.  Eugene  R.  Lewis.  Dr.  YjiihIcII  Henderson, 
professor  of  physiology  at  Yale  University,  was  added  to  the  board  in  civilian  capacity  and  was 
appointed  chairman. 

The  powers  delegated  to  the  board  were  as  follows: 

1.  This  board  shall  have  discretionary  powers  to  investigate  all  conditions  which  affect  the  efficiency  of  pilots; 

2.  To  institute  and  carry  out  at  flying  schools  or  elsewhere  such  experiments  and  tests  as  will  determine  the  ability 
of  pilots  to  fly  in  high  altitudes; 

3.  To  carry  out  experiments  and  tests  at  flying  schools  or  elsewhere  to  provide  suitable  apparatus  for  the  supply  of 
oxygen  to  pilots  at  high  altitudes; 

4.  To  act  as  a  standing  medical  board  for  the  instruction  of  all  matters  relating  to  the  physical  fitness  of  pilots. 

In  accordance  with  this  authority  the  board  worked  at  first  in  association  with  the  Bureau 
of  Mines,  to  whom  a  great  deal  of  credit  is  due  for  assistance  and  cooperation  in  the  early  days 
of  the  war.    The  board  later  became  independent. 

In  order  to  work  out  these  problems  the  Medical  Research  Laboratory  was  established  at 
Mineola,  N.  Y.  The  laboratory  was  divided  into  the  following  departments:  Physiology, 
cardiovascular,  psychology,  otology,  ophthalmology,  neurology  and  psychiatry.  Later  a 
department  of  physics  and  engineering  was  added. 

The  immediate  military  problem  of  classification  was  preceded  by  certain  necessary  re- 
search on  which  to  establish  tho  basis  of  such  classification.  Specialists  from  all  parts  of  the 
country  were  called  in  to  assist  in  the  work  of  the  various  departments.  Special  apparatus  had 
to  be  constructed  for  a  great  deal  of  the  work.  In  spite  of  this,  it  was  not  long  before  a  routine 
test  for  the  classification  of  aviators  was  developed,  which  will  be  described  later,  and  research 
on  numerous  other  points  was  taken  up.  Tn  order  to  facilitate  the  classification  of  aviators, 
twenty  branch  laboratories  were  planned  at  the  various  flying  schools  and  ground  schools.  The 
personnel  for  their  operation  was  trained  at  the  central  laboratory,  and  ten  of  the  branch  labora- 
tories were  in  active  operation  before  the  armistice  was  signed.  When  flight  surgeons  were 
needed  they  received  their  training  at  tho  central  laboratory,  as  did  the  physical  directors  of 
the  Air  Service.  A  laboratory  unit  under  the  command  of  Col.  William  II.  Wilmer  was  organ- 
ized.from  the  personnel  of  the  main  laboratory  and  went  overseas  for  duty  with  the  expedi- 
tionary forces.    The  research  work  has  continued  since  the  armistice. 

A  brief  outline  of  the  work  accomplished  at  tho  laboratory  is  as  follows:  First  of  all  the 
physiology  of  altitude  was  carefully  studied.  A  great  deal  of  work  had  been  done  with  this  in 
previous  years  on  Monte  Rosa  in  Europe,  and  Pike's  Peak  in  the  United  States.  Most  of  the 
changes  that  result  on  mountains  are  the  result  of  residence  at  that  altitude  for  a  considerable 
period  of  time.  An  aviator  does  not  remain  at  high  altitude  any  length  of  time,  consequently 
permanent  adaption  to  physiological  changes  does  not  occur.  The  effects  of  aviation  were 
studied  in  actual  flying,  and  by  simulating  aviation  with  the  use  of  a  low  pressure  tank  and  a 
rebreathing  machine. 

The  low  pressure  tank  consists  of  a  steel  tank  controlled  by  an  exhaust  apparatus  by  which 
the  atmospheric  pressure  and  the  oxygen  can  be  reduced  sit  will,  together  with  provision  for 
a  fresh  supply  of  air,  so  that  any  altitude  may  be  simulated  from  sea  level  up  to  36,000  feet. 

A  description  of  the  rebreathing  machine  is  quoted  from  "The  Air  Service  Medical" : 

The  base  of  the  machine  is  a  steel  tank  of  CO  or  80  liters  capacity,  according  to  the  type.  Air  is  inspired  from  the 
tank  through  the  pipe  at  the  left,  and  is  expired  back  into  the  tank  through  the  pipe  and  absorbing  cartridge  at  the 
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right.  The  valves  keep  the  air  stream  flowing  always  in  the  proper  direction.  In  order  to  maintain  the  contained  air 
at  approximately  atmospheric  pressure  and  to  allow  for  changes  in  volume,  a  wet  spirometer,  carefully  counterbalanced, 
is  mounted  on  the  tank  and  communicated  freely  with  its  interior  through  the  vertical  pipe.  A  stylus  attached  to  the 
counterweight  records  the  movements  of  the  spirometer  upon  the  smoked  drum  of  the  kymograph.  Water  is  admitted 
to  the  tank  through  a  valve  to  replace  the  volume  of  the  used  oxygen  and  also  to  flush  out  the  tank  after  an  experiment. 
The  water  is  drained  away  to  the  sewer  by  means  of  a  valve.  A  valve  affords  a  free  opening  to  the  atmosphere  for 
Mushing  the  tank  of  the  rebreathed  air. 

It  was  soon  shown  that  the  factor  of  atmospheric  pressure  was  of  secondary  importance. 
By  means  of  this  rebreathing  apparatus  the  physiology  of  low  oxygen  in  aviation  was  studied. 

Comparisons  of  the  rebrcn thing  tests  with  the  dilution  test;  the  effect  on  the  breathing 
when  under  the  action  of  progressive  decrease  in  oxygen;  the  effect  of  a  decreasing  oxygen 
supply  on  the  circulation;  the  effect  of  arterial,  venous,  and  capillary  pressure;  the  question 
of  the  vasometer  tono  and  endurance  of  low  oxygen;  the  effects  on  the  pulse  rate  and  the 
haemoglobin;  alveolar  air  pressures;  carbon  dioxide  capacity  of  tho  hlood;  and  the  relative 
value  of  the  compensatory  factors  were  studied.  The  effects  of  low  oxygen  on  circulatory 
physiology;  the  relation  of  the  vasomotor  control  of  the  heart;  nervous  factors  in  vasomotor 
control;  the  question  of  compensation;  heart  strain;  the  arrhythmias,  and  the  effect  on 
valvular  disease  and  athletic  hearts  were  also  studied.  These  points  covered  the  physiological 
side. 

The  function  of  psychology  in  respect  to  the  aviator  is  to  study  his  adaptability  to  the 
work  required  of  him.  Physiology  tells  us  how  the  body  reacts  to  low  oxygen,  and  it  was  the 
duty  of  the  psychology  department  to  determine  how  the  mind  acts  under  low  oxygen.  Hie 
psychological  rating  of  aviators  for  altitude  limits;  the  development  of  an  apparatus  for  a 
standard  test;  the  investigation  of  the  psychological  qualifications  of  the  flier;  and  experiments 
on  psychological  reaction  under  low  oxygen  tension  are  some  of  the  points  taken  up  by  tho 
psychology  department. 

As  a  result  an  apparatus  was  developed  for  the  standard  test.  A  description  of  this 
apparatus  is  quoted  from  "The  Air  Service  Medical:" 

(a)  The  apparatus  mounted  on  the  table  forms  three  separate  units:  (1)  A  series  of  14  stimulus  lamps  (2  candle 
power)  arranged  in  two  rows  of  seven  each,  with  two  similarly  arranged  rows  of  contact  buttons,  each  sur- 
rounded by  a  washer;  a  green  check  lamp  and  a  red  error  lamp,  and  a  stylus  with  a  hard-rubber  handle 
and  metal  tip.  These  parts  of  the  unit  are  so  wired  electrically  that  when  a  stimulus  lamp  lights  the  corre- 
sponding contact  button  is  "alive,"  and  if  touched  with  the  metal  tip  of  the  stylus  causes  the  check  lamp 
to  light.  If  the  washer  surrounding  any  of  the  buttons  is  touched  with  the  stylus  at  any  time  the  error  lamp 
lights.  (2)  Two  ammeters  mounted  on  a  metal  arm  above  the  table  top  are  connected  in  series  with  two 
rhoostats,  one  on  the  upper  side  of  the  table  top  at  the  edge  nearer  the  reactor,  the  other  underneath  at  the 
edge  neiror  the  psychologist.  A  change  in  the  resistance  made  by  the  psychologist  at  his  rheostat,  causing  a  change 
in  the  ammeter  raiding,  mav  be  compensated  for  by  a  change  in  the  reactor's  rheistat,  by  which  the  original  ammeter 
reading  may  he  reared.  (3)  A  small  electric  motor  mounted  on  the  upper  side  of  the  table  top  is  connected  in  series 
with  a  third  rheostat  underneath  the  table.  A  2-way  lever  switch  mounted  underneath  the  table  at  tho  edge  next  to 
the  psychologist  and  a  rocking  pedal  2-way  switch  on  the  floor  under  the  table  are  connected  with  the  rheostat  by  a 
3-wire  system,  80  that  a  part  of  tho  resistance  of  the  rheostat  cm  he  cut  out  (thus  increasing  the  speed  of  the  motor) 
by  either  switch  and  agiin  cut  in  (thus  restoring  the  lower  motor  speed)  by  either  switch. 

The  rebreathing  examination  is  made  following  a  general  physical  examination  and  the 
taking  of  a  careful  medical  history.  A  description  of  the  rebreathing  examination  is  quoted 
from  "The  Air  Service  Medical:" 

Tho  evidence  is  sufficiont  that  this  tost  is  a  perfectly  reliable  index  of  tolerance  to  low  atmospheric  pressure,  and 
the  low-pressure  chamber  has  been  used  not  as  a  routine  method  of  exami nation,  but  only  as  means  of  checking  up 
the  results  of  tho  other  test  and  for  scientific  purposes. 

The  rebreathing  machine  is  so  adjusted  that  the  average  run  will  be  between  25  and  30  minutes.  During  the  run 
the  subject  does  the  psychological  work,  as  described  later,  and  is  carefully  observed  by  tho  psychologist  to  deter- 
mine the  earliest  effects  on  attention  and  motor  coordination,  as  well  as  the  time  of  appearance  of  more  marked  effects 
and  of  total  breakdown. 

Every  throe  minutes  the  capacity  of  the  external  ami  internal  ocular  muscles  is  retested  during  the  run.  (This 
has  since  been  eliminated  from  the  test.)  During  the  wdiole  teH  the  pulse  and  blood  pressure,  systolic  and  diastolic, 
are  measured  every  one  or  two  minutes.  The  clinician  keeps  close  watch  of  these  figures  and  makes  frequent  exami- 
nations of  the  heart.    The  respiration  is  recorded  throughout  the  test  on  a  kymograph. 
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Tlio  test  ends  when  the  psychologist  bas  determined  that  tlio  subject  has  reached  the  point  of  complete  ineffi- 
ciency, or  when  the  clinician  finds  thai  the  condition  of  the  circulation  makes  prolongation  of  the  test  undesiral  le. 
At  the  close  of  the  run  the  air  remaining  in  the  apparatus  is  analyzed  to  determine  the  oxygon  percentage  reached, 
which  can  be  translated  roughly  into  terms  of  altitude.  A  few  subjects  have  exhausted  the  oxygen  to  (i  per  cent  or 
a  little  lower.  Seven  per  cent  is  a  frequent  figure,  while  poor  subjects  either  become  inefficient  or  faint  at  consid- 
erably higher  percentages. 

The  results  of  the  test  a"e  summarized  in  a  plot  of  which  the  abscissa  lino  represents  minutes  of  time  and  the 
ordinates  arc  per  cent  of  >.\  gen,  and  figures  representing  pulse,  blood  pressure,  volume  of  respiration,  millimeters 
of  near  point  of  convergence,  etc.  The  appearance  of  different  degrees  of  inefficiency  by  the  psychological  tests  is 
indicated  by  symbols  placed  al  the  proper,  time  on  the  abscissa  line,  li  is  assumed  (with  reasonable  correctness) 
that  a  straight  line  c  nine  ting  the  oxygen  l"'r  cent  at  beginning  and  end  will  represent  the  per  cent  at  all  intervening 
times.  The  basis  of  judgmeut  on  the  success  of  the  subject  is  the  oxygen  percentage  at  which  various  phenomena 
occur,  and  this  is  reckmed  from  the  height  of  the  oxygen  line  at  the  time  in  question. 

The  decision  as  t  >  rating  the  subject  is  made  by  consensus  of  opinion  on  the  basis  of  the  ratings  made  by  each 
separate  department  a  id  is  ordinarily  the  lowest,  rating  assigned  by  anv  one  of  them.  Xo  man  is  passed  in  class  A 
win  has  any  conside  V  le  dis  pi  ililicati  in  from  any  point  of  view.  For  example,  a  deficiency  in  vision,  whether 
ordinarily  present  o"  only  developing  as  r lie  result  of  the  test,  would  disqualify  for  combat  work,  no  matter  how  well 
the  candidate  performs  otherwise. 

Aside  from  ocular  deficiencies  or  general  physical  conditions  of  a  distinctly  abnormal  nature,  the  rating  of  a 
subject  depends  on  the  answer  to  two  questions:  How  well  does  he  adapt  himself  to  the  unusual  environment— i.  e., 
how  well  does  he  preserve  hi*  efficiency  at  altitude  (as  expressed  by  the  psychological  tests);  and,  second,  at  the 
expense  of  how  much  strain  on  his  circulatory  system  does  he  do  it?  Many  subjects  will  compensate  admirably, 
preserving  their  efficiency  to  a  ve"v  high  altitude,  but  only  by  means  of  a  very  high  blood  pressure,  high  pulse,  or 
violent  vasomotor  reictions  such  as  would  lead  us  to  expect  that  this  man  would  wear  out  quickly  in  service  or 
perhaps  actually  have  a  circulat  >ry  collapse  in  the  air  and  faint. 

Tlio  psychological  test  referred  to  is  also  quoted  from  "The  Ait  Service  Medical." 

As  s  ion  as  rebreathing  commences,  the  reactor  begins  to  respond  to  the  three  sets  of  stimuli  as  presented  by  the 
apparatus  under  the  manipulation  of  the  psychologist.  During  the  first  there  minutes  of  the  tost  the  psychologist 
shall  coach  the  reactor,  if  necessary,  and  estimate  his  comprehension  composure  (freedom  from  excitement  or  nervous- 
ness) entering  theses  on  the  record  sheet  then  or  later  as  good,  fair,  or  poor,  lie  should  also  note  the  motor  tenden- 
cies of  the  reactor,  and  if  these  fall  in  one  or  more  of  the  conventional  categories,  this  also  should  be  entered. 

In  addition  to  these  general  tendencies,  it  is  important  that  the  psychologist  take  notice  of  the  specific  tendencies 
shown  by  the  reactor,  and  if  definite  types  of  error  are  shown,  watch  during  the  succeeding  five  or  six  minutes  for  im- 
provements in  these  details. 

Normally,  the  test  continues  until  complete  inefficiency  is  reached,  at  which  point  the  psychologist  must  sharply 
notify  the  responsible  medical  attendant  in  order  that  the  reactor  may  at  once  be  given  air.  and  so  prevented  from  under- 
going the  collapse  which  would  ens'  e  in  a  minute  or  so. 

The  psychologist  will  record  the  typical  change  in  the  reactor's  behavior,  using  the  symbols  which  are  given  on  the 
"symbol  sheet."  so  that  the  recording  will  interfere  as  little  as  possible  with  the  observing.  After  the  test  is  ended, 
the  entries  on  the  record  sheet  must  be  at  once  completed. 

The  ratings  are  divided  into  four  classes: 

Class  '  A"  Those  fit  for  any  work. 

Class  "B"  Those  fit  to  fly  up  to  15,000  feet. 

Class  "C"  Those  fit  to  fly  up  to  10,000  feet. 

Class  "D"  Those  that  are  not  fit  to  fly  at  all. 
There  has  been  added  to  the  classification  examination  a  personality  study  by  means  of 
which  the  applicant  is  classified  with  respect  to  aviation  according  to  the  condition  of  his  nerv- 
ous system.  A  great  deal  of  work  lias  been  done  on  personality  study  by  the  psychiatry 
department,  and  the  latter  has  proven  to  be  one  of  the  most  if  not  the  most  valuable  depart- 
ment so  far  as  the  care  of  the  flier  is  concerned. 

Further  research  work  has  been  done  by  the  physiology  department.  A  new  type  of  re- 
brcuthcr  and  other  respiratory  apparatus;  respiratory  volumes  of  men  during  short  exposure  to 
constant  low  oxygen  tension  attained  by  rebreathing;  the  changes  in  the  content  of  haemoglobin 
and  erythrocytes  of  the  blood  in  man  during  short  exposures  to  low  oxygen;  circulatory  responses 
to  low  oxygen  tension;  alveolar  air  and  respiratory  volumo  at  low  oxygen  tensions:  compensatory 
reactions  to  low  oxygen:  and  the  reaction  of  the  cardiac  and  other  respiratory  centers  to  changes 
in  oxygen  tension,  are  some  of  the  subjects  studied. 


ANNUAL  REPORT  NATIONAL,  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


•J.") 


The  cardiovascular  department  has  put  a  great  deal  of  study  on  the  question  of  the  effect 
of  altitude  on  the  aviator's  heart,  and  some  very  interesting  and  rather  startling  discoveries  have 
ocen  made  by  research  with  the  X  ray,  rebreathing  machine,  and  low  pressure  tank.  It  has  been 
shown  that  the  heart  does  not  dilate  at  high  altitudes,  as  formerly  thought.  If  has  also  been 
shown  that  there  is  a  wide  variance  in  the  transverse  diameter  of  the  heart  during  forced  inspira- 
tion and  expiration.  Further  research  is  contemplated  on  this  same  subject  and  work  is  under- 
way and  projected  on  the  electrocardiographic  study  of  the  heart  under  low  oxygen  and  in  the 
condition  known  as  "stalencss." 

Til c  psychology  department  has  done  further  work  on  the  psychological  effects  of  the  depriv- 
ation of  oxygen  and  the  psychopathology  of  aviation. 

The  ophthalmology  department  lias  worked  on  the  subject  of  the  strain  of  Hying  on  the  eye, 
the  value  of  the  eye  in  aviation,  the  reaction  time,  retinal  sensitivity,  effects  of  tobacco  on  the 
vision,  testing  of  retinal  contrast  and  threshold  sensitivity,  the  development  of  a  new  appara- 
tus for  testing  steroopsis,  dark  adaptation,  the  judgement  of  distance,  the  speed  of  accommo- 
dation, and  unproved  tests  for  muscle  balance.  This  department  as  the  result  of  its  work,  has 
recommended  a  complete  revision  of  the  standard  of  examination  for  candidates  for  aviation. 
This  will  result  in  the  adoption  of  a  much  more  complete  and  thorough  examination  than  has 
been  in  vogue  heretofore. 

The  otology  department  worked  on  the  subject  of  the  effect  of  low  oxygen  on  the  phenomena 
of  nystagmus  and  past  pointing;  the  revision  of  the  standards  of  examination  on  the  tests  of 
equilibrium,  motionn  sensing  experiments  in  the  linear  upward  and  downward  direction  both  in 
normal  individuals  and  in  deaf  mutes  and  tabetics;  observation  upon  motion  sensing  during  air- 
plane flights  of  the  same  group  of  subjects;  and  the  ear  in  stunt  Hying.  An  abstract  of  literature 
on  the  anotomy  and  physiology  of  the  semicircular  canals  has  also  been  made.  Considerable 
work  has  been  done  on  the  orientator,  which  is  a  machine  consisting  of  the  cockpit  of  an  airplane 
suspended  in  three  concentric  rings,  capable  of  all  the  motions  of  an  airplane  except  forward 
motion,  and  is  controlled  by  a  rudder  and  a  stick,  the  same  as  an  airplane.  It  is  devised  to  train 
cadets  against  the  physical  effects  of  stunt  living.  In  other  words  it  accustoms  a  man  to  the 
rapid  change  in  motion  and  position  which  he  experiences  in  stunt  Hying  and  allows  him  to  be* 
come  adapted  to  these  sensations  before  he  ever  leaves  the  ground.  Considerable  clinical  work 
was  done  on  the  effects  of  syphilis  on  the  internal  ear. 

The  physics  and  engineering  department  has  worked  on  the  subject  of  aviators'  goggles,  and 
has  tested  out  oxygen  supply  apparatus. 

In  addition  to  the  subjects  already  mentioned,  it  is  contemplated  to  take  up  the  following 
points  of  research:  A  statistical  study  of  the  records  of  5, 000  aviators  with  reference  to  sources 
of  variation  in  phychological  rating;  the  statistical  rating  of  the  psychological  tests  of  skill  of 
aeronautical  obsevers:  the  effects  of  the  deprivation  of  oxygen  on  the  higher  processes;  diagnostic 
value  of  the  determination  of  the  reaction  time  in  tests  for  aviational  ability  for  stalencss;  dcrmo- 
graphia  as  a  test  for  stalencss;  tests  for  retinal  sensitivity;  the  effect  of  low  oxygen  on  depth  per- 
ception; the  use  of  protective  substances  in  the  ears  to  diminish  excessive  roar  of  airplane  motors. 

The  laboratory,  as  at  present  instituted,  is  probably  more  completely  equipped  for  the  study 
of  the  medical  problems  of  aviation  than  any  like  institution  in  the  world. 

All  departments  have  combined  in  revising  the  standard  for  physical  examination  for  Hying 
status  and  all  departments  are  interested  in  the  subject  of  stalencss  and  fatigue  in  the  aviator. 
This  latter  is  one  of  the  most  important  subjects  in  aviation  medicine. 

Three  lines  of  work  are  carried  on  at  the  laboratory: 

1.  Research  in  medical  problems  of  aviators. 

2.  Instruction  of  Hight  surgeons. 

§.  Examination  and  classification  of  aviators. 

The  flight  surgeon  is  a  production  of  the  war  and  is  a  medical  officer  specially  trained  in 
the  can?  of  the  flier,  and  one  who  by  his  work  prevents  accidents.  The  facts  developed  at  this 
laboratory,  and  at  Hying  fields,  as  well  as  in  foreign  armies,  have  shown  the  necessity  for  the 
flight  surgeon.    The  ordinary  medical  officer  is  not  prepared  to  take  care  of  the  flier.  Medical 
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officers  selected  for  this  duty  are  given  a  course  of  intensive  training  for  two  months  at  the 
Medical  Research  Laboratory.  This  course  consists  of  lectures,  demonstrations,  practical  and 
clinical  work. 

THE  AIR  MAIL  SERVICE. 

On  May  15,  1918,  the  Post  Office  Department  inaugurated  the  Air  Mail  Transportation 
Service.  It  had  previously  sought  and  received  the  advice  of  the  National  Advisory  Committee 
for  Aeronautics  as  to  routes,  methods,  types  of  planes,  etc.  At  the  suggestion  of  the  Chief  Signal 
Officer  of  the  Army  the  service  was  originally  conducted  by  the  War  Department  in  connection 
with  its  work  of  training  aviators  for  the  war  which  was  then  being  prosecuted.  The  service 
continued  under  military  direction  until  August  10,  1918,  when  it  was  taken  over  by  the  Post 
Office  Department  and  operated  by  an  entirely  civilian  organization. 

The  only  equipment  available  at  the  time  of  the  establishment  of  the  Air  Mail  Service  was 
a  few  J.  N. — Jt-JI  and  R~4  Army  training  planes  with  a  capacity  of  200  pounds  of  mail.  With 
the  closo  of  the  war  quite  a  number  of  D.  H.—4  planes  were  made  available  to  the  Post  Office 
Department,  which  made  it  possible  to  increase  the  mail  load  to  400  pounds.  These  airplanes, 
however,  were  designed  wholly  for  war  purposes  and  lacked  the  necessary  strength  for  daily 
cross-country  flying  with  its  incidental  forced  landings.  It  was  necessary  to  modify  this 
equipment  which  resulted  in  the  development  of  an  airplane  better  adapted  to  the  requirements. 
These  changes  consisted  of  a  greatly  strengthened  landing;  gear,  fuselage  enforcement,  and 
transposition  of  cock-pit  and  cargo  compartments. 

While  the  performance  of  these  airplanes  as  remodeled  was  generally  satisfactory,  it  was 
necessary  for  the  Post  Office  Department  to  contract  for  the  construction  of  large  multi-engined 
airplanes  in  order  to  insure  reliability  in  performance  of  mail  schedule  trips  and  to  provide  for 
larger  mail  dispatches.  Orders  were  placed  for  14  airplanes,  6  of  the  Martin  bomber  type,  4  of 
the  Thomas-Morse  modified  type,  and  4  airplanes  of  104-foot  wing  span  by  the  L.  W.  F.  En- 
gineering Co. 

A  recent  development  is  the  transformation  of  a  I).  II.-4  airplane  into  a  twin-engined  air- 
plane. This  airplane  is  equipped  with  two  200-horsepower  Liberty-six  engines,  has  developed 
a  speed  of  103  miles  per  hour,  will  maintain  horizontal  flight  with  one  engine,  and  will  carry -800 
pounds  of  mail. 

The  service  has  been  keenly  alive  to  the  important  matter  of  fire  protection  and  has  equipped 
ts  airplanes  with  fireproof  bulkheads  and  liquid. extinguisher  systems  with  automatic  crash 
release  device.  Improved  fire  protection  systems  are  being  installed  in  the  larger  airplanes 
now  under  construction. 

Complete  radio  telegraphic,  communication  will  shortly  be  installed  by  the  Air  Mail  Service, 
together  with  triangulation  stations,  which  will  make  ppssible  a  complete  dispatching  system 
whose  main  function  will  be  to  locate  airplanes  accurately  at  an}'  moment  during  flight.  Distant 
controls  are  also  being  developed  in  order  that  the  Department  at  Washington  may  get  in  direct 
communication  with  any  pilot  in  flight  by  means  of  radio  telephone.  The  amplifiers  developed 
by  the  War  and  Navy  Departments  were  made  available  to  the  Air  Mail  Service. 

A  statement  of  the  work  of  the  Air  Mail  Service  would  be  incomplete  without  reference  to 
the  service  performance  in  the  air.  Early  advices  received  by  the  Post  Office  Department  were 
that  there  would  be  great  difficulty  in  maintaining  a  daily  schedule  of  mail  flights,  and  the  opinion 
was  held  that  the  service  would  be  interrupted  during  the  winter  months  and  perhaps  at  other 
times  when  conditions  might  be  considered  unpropitious.  However,  the  rapid  development 
of  aviation  generally  has  made  it  possible  to  establish  a  reliable  service,  as  is  shown  by  the  follow- 
ing record :  During  the  last  fiscal  year  only  4.4  per  cent  of  the  scheduled  trips  were  not  attempted, 
and  out  of  a  total  of  138,310  miles  possible  there  were  flown  128,255  miles,  or  a  performance  of 
92.73  per  cent.  During  the  same  period  there  were  only  37  forced  landings,  due  to  mechanical 
troubles  during  flight. 

It  would  seem,  therefore,  that  the  achievements  of  the  Air  Mail  Service  may  be  regarded 
as  a  substantial  contribution  in  the  practical  development  of  commercial  aviation. 
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METEOROLOGY  ,  IN]  AID  OF  AERONAUTICS. 

,As  a  result  of  the  appropriation  of  8100,000  granted  by  Congress  on  recommendation  of  the 
Advisory  Committee,  for  the  fiscal  year  1918,  to  be  expended  by  the  Weather  Bureau  under 
tho  direction  of  the  Secretary  of  Agriculture,  important  extensions  were  made  in  the  whole 
program  of  work  of  the  Weather  Bureau  in  the  conduct  of  investigations  of  meteorological 
conditions  in  tho  free  air. 

Five  stations  fully  equipped  for  making  observations  with  kites  and  sounding  balloons 
were  approximately  distributed  over  the  United  States,  and  a  number  of  additional  stations 
conducting  observations  by  moans  of  pilot  balloons  wore  also  established  both  by  the  Weather 
Bureau  and  by  tho  Signal  Corps  of  tho  War  Department.  The  data  obtained  from  these  addi- 
tional observations,  supplementing  the  surface  observations  at  200  stations  of  the  Weather 
Bureau,  led  to  the  inauguration  in  Doeember  of  1918  of  a  regular  system  of  forecasts  of  free 
air  conditions  which  were  supplied  daily  to  the  Signal  Corps,  the  Post  Office  Department,  tho 
Director  of  the  Air  Service,  and  others  who  desired  them.  In  the  beginning  the  regions  covored 
were  principally  the  mail  routes  between  Washington,  Philadelphia,  and  Now  York,  and  later 
on  extended  to  tho  mail  routes  betweon  Now  York  and  Chicago.  Special  information  was 
furnished  the  Army       occasions  might  require. 

The  appropriations  for  this  activity  have  been  continued  in  tho  regular  appropriations  ot 
the  Weathor  Bureau,  ami  in  more  recent  times  have  been  supplemented  by  some  cooperative 
reports  from  base  stations  maintained  by  the  Navy  at  coastal  points.  The  forecasting  work 
has  been,  moreover,  more  fully  systematized  and  extended,  the  area  of  the  United  States  being 
divided  into  13  forecast  zones,  for  which  forecasts  are  supplied  to  the  Director  of  tho  Air  Service 
for  distribution  to  those  localities  when;  Might  is  in  progress. 

A  considerable  amount  of  free  air  data  has  been  compiled,  tabulated,  and  published  in 
tho  Supplements  of  the  Monthly  Weather  Review,  and  several  important  articles  discussing 
average  free  air  conditions  have  also  boon  published  in  the  Monthly  Weather  Review  itself 
to  make  this  information  more  generally  available  to  aeronautical  and  military  interests. 

In  addition  to  the  foregoing  systematic  work  of  the  Bureau,  special  arrangements  of 
cooperation  with  the  Army  and  Navy  have  been  made  for  tho  purpose  of  supplying  the  fullest 
possiblo  meteorological  information  in  connection;  first,  with  the  trans'-Atlantie  llight  of  the 
naval  airplanes;  second,  in  connection  with  tho  visit  of  the  British  dirigible,  Ii-3/f;  and.  finally, 
in  connection  with  the  transcontinental  reliability  tests  of  the  Army  Air  Service. 

It  is  behoved  the  service  rendered  by  the  aerological  and  forecasting  work  of  tho  bureau 
in  connection  with  aeronautics  has  been  of  very  great  value  and  has  elicited  the  cordial  com- 
mendation of  the  Secretary  of  tho  Navy.  Plans  arc  under  way  for  tho  considerable  extension 
of  this  line  of  activity,  and  the  estimates  of  tho  Weather  Bureau  contain  an  increase  of  $200,000, 
which,  if  secured,  will  permit  of  the  establishment  of  a  considerable  number  of  additional  pilot 
balloon  and  kite  stations  in  the  regions  of  the  far  West. 

With  the  passing  of  war  conditions,  moreover,  balloon  material  becomes  available  for  so- 
called  sounding  balloon  observations,  which  must  be  made  in  order  to  carry  tho  observations 
to  higher  portions  of  the  atmosphere  than  can  be  reached  by  either  kites,  pilot  balloons,  or 
air  craft  of  any  character. 

C.  P.  Marvin. 

SPECIAL  AERODYNAMIC  INVESTIGATIONS. 

In  the  summer  of  1919  the  executive  committee  approved  a  program  of  scientific  work  to 
be  carried  out  at  McCook  Picld,  Dayton,  Ohio,  under  the  supervision  of  its  aerodynamical 
expert,  Dr.  George  de  Bothezat.  This  work  involved:  First,  the  theoretical  analysis  of  the  full 
performance  of  an  airplane  in  steady  llight;  second,  the  development  of  new  instruments  and 
methods  in  order  to  measure  in  a  single  test  flight  the  full  performance  characteristics  of  an 
airplane;  third,  the  analysis  of  the  full  performance  record  of  an  airplane  and  deductions  there- 
from as  to  how  the  efficiency  of  an  airplane  can  be  increased  by  minor  changes;  fourth,  the 
making  of  such  minor  changes  in  a  given  type  of  airplane  to  be  followed  by  a  second  full  per- 
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fbrmance  test;  fifth,  the  cheeking  of  the  results  against  the  original  theory  and  the  necessary 
modifications  of  the  theory  to  permit  in  the  future  the  determination  of  all  the  performance 
characteristics  of  an  airplane  in  steady  flight  by  mathematical  calculation. 

Dr.  de  Bothezat  has  been  stationed  at  Dayton  since  August,  1919,  and  a  small  staff  lias 
been  selected  from  members  of  the  engineering  division  of  the  Air  Service  and  assigned  by  the 
commanding  officer  at  Mc.Cook  Field  to  work  with  him  in  the  prosecution  of  this  work.  The 
present  commanding  officer  at  McCook  Field,  Col.  Thurman  II.  Bane,  is  also  a  member  of  the 
National  Advisory  Committee  for  Aeronautics.  This  work  has  been  successfully  inaugurated 
with  the  hearty  cooperation  of  the  officials  and  civilian  engineers  of  the  Air  Service. 

ACTIVITIES  OF  THE  TECHNICAL  SUBCOMMITTEES. 

The  technical  subcommittees  have  been  consolidated  into  three  main  committees,  namely, 
aerodynamics,  power  plants,  and  materials  for  aircraft.  These  Committees  are  so  organized  as 
to  make  possible  the  effective  coordination  of  research  and  experimental  work  in  aeronautics 
among  the  various  agencies,  as  the  chairman  of  each  committee  is  a  member  of  the  Advisory 
Committee  and  the  other  members  represent  the  Advisory  Committee,  the  military  and  naval 
air  services,  the  Bureau  of  Standards,  and  the  aeronautic  industry.  The  subcommittees  con- 
sider and  recommend  the  problems  to  be  attacked,  where  their  solution  can  best  be  undertaken, 
and  the  methods  to  be  employed.  The  military  and  naval  air  services  leave  the  study  of  prob- 
lems of  a  more  scientific  and  fundamental  character  to  the  Advisory  Committee  and  the  inves- 
tigations undertaken  by  the  Advisory  Committee  are  carried  out  under  the  cognizance  of 
the  various  subcommittees.  Problems  that  can  better  be  handled  by  the  Bureau  of  Stand- 
ards or  the  military  or  naval  air  services  are  referred  to  those  agencies  for  investigation.  Re- 
ports of  the  three  main  technical  committees  for  the  past  year  follow: 

REPORT  OF  COMMITTEE  ON  AERODYNAMICS. 

The  committee  on  aerodynamics  is  a  consolidation,  made  in  April, .1919,  of  the  three  com- 
mittees on  aircraft  design,  navigation  of  aircraft  and  aeronautic  instruments,,  and  free  flight 
tests. 

The  committee  on  aerodynamics  recommended  that  in  the  part  of  the  work  at  Langley 
Field  within  its  domain  the  emphasis  should  be  placed  mainly  on — 

(a)  Studies,  in  the  laboratories,  of  propellers  from  the  aerodynamic  point  of  view; 

(6)  Studies,  in  the  laboratories,  of  the  flow  of  air  around  parts  of  airplanes  and  airships, 
separately  or  assembled,  and  of  the  forces  brought  to  bear  on  those  parts  by  the  air; 

(c)  Free  flight  tests  on  full-sized  machines;  and 

(d)  The  development  of  instruments,  equipment,  and  methods  for  making  such  studies 
and  tests. 

This  policy  has  been  followed  during  the  year. 

The  work  at  Langley  Field  under  these  four  heads,  carried  on  under  the  general  direction 
of  Edward  P.  Warner,  has  been  largely  one  of  development  and  design,  although  some  research 
work  complete  in  itself  has  been  carried  on.  The  wind  tunnel  has  been  under  construction 
throughout  most  of  the  year  and  is  now  Hearing  completion,  and  a  number  of  experiments 
on  model  tunnels  have  been  made  to  determine  the  best  form  to  adopt  for  the  5-foot  tunnel 
now  under  construction.  The  balance  for  this  tunnel  has  also  been  designed  and  constructed 
at  Langley  Field,  and  is  ready  for  use.  As  an  accessory  to  the  design  of  the  balance  a  theoretical 
investigation  of  the  errors  to  which  such  balances  are  subject  and  the  considerations  governing 
their  design  has  been  made,  and  is  published  as  a  technical  appendix  to  this  report.  The 
most  important  experimental  work  complete  in  itself  has  dealt  with  free  Bight  tests,  researches 
having  been  conducted  throughout  the  summer  on  two  airplanes  furnished  by  the  Air  Service. 
These  researches  have  dealt  chiefly  with  the  determination  of  the  lift  and  drag  coefficients 
and  with  the  balance  of  the  airplanes,  thus  giving  data  for  purposes  of  comparison  with  those 
obtained  in  model  tests.    Several  minor  investigations  on  the  performance  of  airplanes  and  on 
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stresses  in  the  airplane  have  also  been  undertaken,  and  two  of  them  are  published  as  appendixes 
to  this  report. 

The  development  of  autographic  recording  instruments  for  free  flight  tests  has  continued 
at  the  Bureau  of  Standards  under  the  general  direction  of  John  F.  Hayford  and  Lyman  J. 
Briggs  for  the  committee.  Of  the  six  now  instruments  designed  five  are  now  complete,  namely, 
the  air-speed  meter,  the  angle-of-attaek  meter,  the  recording  tachometer,  the  torque  meter, 
and  the  thrust  meter.  The  first  three  named  have  passed  through  extensive  laboratory  tests 
and  calibrations,  and  are  substantially  ready  for  use  in  the  air.  The  torque  meter  and  thrust 
motor  must  be  subjected  to  extensive  laboratory  tests  and  possible  modifications  before  they 
will  be  ready  for  use.  The  stable  zenith  instrument,  to  be  used  for  recording  continuously 
the  angle,  between  the  wing  chord  and  the  horizontal,  has  been  redesigned  sis  a  result  of  con- 
siderable experience  with  this  type  of  instrument.  The  redesigned  instrument  is  being  built 
and  is  nearly  complete. 

Special  investigations  have  been  made  and  are  still  in  progress  at  the  Bureau  of  Standards, 
under  the  recommendation  of  the  committee,  on  the  Parker  variable  camber  wing  for  airplanes. 
This  is  a  promising  line  of  attack  of  the  problem  of  reducing  the  landing  speeds  of  an  airplane 
without  reducing  its  living  speed.  Incidentally  some  valuable  information  is  being  secured 
in  regard  to  the  possibility  of  using  a  streamline  wing  and  the  ordinary  type  in  a  biplane  com- 
bination. 

Researches  on  airplane  propellers  are  being  continued  at  Stanford  University  under  the 
general  direction  of  Prof.  W.  F.  Durand. 

The  Bureau  of  Standards  has  undertaken  four  investigations  for  the  aerodynamics  com- 
mittee: 

1.  Development  of  open  scale  altimeter. 
_>.  Diaphragms  and  elastic  fatigue. 

3.  Altitude  correction  for  air  speed  indicators. 

4.  General  report  on  aeronautic  instruments. 

The  first  three  of  these  are  definite  experimental  problems  while  the  fourth  consists  not 
only  of  a  summary  of  recent  experimental  investigations  of  instruments  carried  out  in  coopera- 
tion with  tho  committee  at  the  Bureau  of  Standards,  but  will  go  further  and  embrace  a  general 
survey  of  the  state  of  this  subject  at  the  close  of  the  war  both  in  the  United  States  and  abroad. 

1.  The  work  on  the  open  scale  altimeter  has  progressed  to  a  point  where  a  working  model 
of  the  essential  parts  of  the  altimeter,  exclusive  of  the  indicating  mechanism,  has  been  assembled 
and  tested.  By  proper  theoretical  design  of  the  spring  and  diaphragm  elements  an  instrument 
has  been  made  whose  performance  depends  on  the  material  of  the  steel  spring  almost  entirely 
and  only  to  a  slight  degree  on  the  material  of  the  diaphragm.  It  has  been  possible  to  secure 
steel  nearly  free  from  clastic  fatigue  effects,  although  such  is  not  the  case  with  the  alloys  used 
for  the  thin  flexible  diaphragm.  As  a  result  this  instrument  has  been  shown  by  test  to  havo 
less  than  one-third  of  the  fatigue  effects  (i.e.,  discrepancy  between  increasing  and  decreasing 
readings)  permitted  by  the  Bureau  of  Standards  specifications  for  altimeters.  The  object  of 
this  work,  which  will  be  continued  until  completed,  is  to  provide  a  precision  altimeter  suitable 
for  altitude,  determination  in  aircraft  performance  tests. 

2.  Thin  metallic  diaphragms,  usually  corrugated  for  flexibility,  form  a  necessary  element 
in  a  groat  variety  of  engineering  instruments,  particularly  in  aneroid  barometers  for  altitude 
measurement,  in  air-speed  indicators,  certain  forms  of  statoscopes  and  rate-of-climb  indicators, 
balloon  manometers,  and  aviator's  oxygon  control  apparatus.  Such  diaphragms  are  never 
perfectly  elastic  but  show  what  are  known  as  fatigue  effects,  failing  to  recover  instantly  from 
the  deformations  undergone  in  the  normal  operation  of  tho  instrument;  honce,  the  importance 
of  experiments  to  soloct  the  most  promising  alloys,  to  determine  the  most  effective  thermal  and 
mechanical  treatment  in  the  process  of  manufacture,  and  to  establish  tho  most  efficient  geomet- 
rical design  for  the  diaphragms  when  used  either  singly  or  in  combinations.  Up  to  tho  present 
this  investigation  has  resulted  in  the  development  of  measuring  applicances  for  detecting  tho 
small  changes  in  question  by  micromotric  methods,  in  the  preparation  and  use  of  suitable  shop 
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equipment  for  spinning  sample  diaphragms  at  the  bureau  in  considerable  numbers,  in  a  pre- 
liminary study  of  a  variety  of  alloys  to  select  those  wliich  warrant  more  detailed  study,  and  in 
a  special  study  of  mechanical  seasoning  processes.  This  last  phase  of  the  work  has  led  to  the 
conclusion  that  diaphragms  can  be  seasoned  mechanically;  that  is,  artificially  aged  and  thus 
brought,  into  a  permanent  state  where  they  will  repeat  their  performance  in  successive  tests 
under  the  same  conditions.  This  is  done  by  repeated  deformation  of  suitable  amount  several 
thousand  times,  and  is  done  automatically  by  a  mechanism  designed  for  the  purpose.  Some 
such  seasoning  process  appears  to  be  a  necessary  preliminary  to  the  comparative  measurement 
of  the  effects  of  different  processes  of  heat  treatment,  different  compositions  of  the  alloy,  and 
different  mechanical  design.  The  seasoning  process',  it.  will  bo  understood,  is  not  intended  to 
eliminate  elastic  fatigue,  although  it  does  always  reduce  it  somewhat.  The  object,  of  the  season- 
ing is  to  secure  definite  and  uniform  results,  so  that  those  factors  which  will  diminish  the  fatigue 
can  be  analyzed  quantitatively". 

3.  It  has  hitherto  been  taken  for  granted  that  Yonturi  tubes,  when  used  for  air-speed  indi- 
cators, will  follow  a  familiar  law  which  states  that  tho  suction  producod  is  directly  proportional 
to  the  density  of  the  air  and  to  the  square  of  the  speed. 

The  object  of  this  investigation  is  to  determine  by  diroct  experiment  whether  this  law 
does  apply  to  Yenturi  tubes  or  whether,  on  the  contrary,  the  compressibility  and  viscosity  of 
the  at  mosphere  may  cause  some  effects  which  will  complicate  the  correction  of  these  instrument 
for  different  altitudes.  The  experiments  are  conductod  in  a  so-called  vacuum  wind  tunnel 
(that  is,  a  very  small  air-tight  wind  tunnel  in  which  reduced  prossuras  corresponding  to  high 
altitudes  may  be  seemed).  The  conclusion  has  been  reached  that  the  instruments  examined 
are  free  from  the  effect  of  compressibility  but  not  entirely  free  from  the  effect  of  viscosity. 
These  experiments  are  to  be  completod  and  brought  to  a  conclusion  which  can  be  expressed 
numerically  for  the  purpose  of  correcting  such  instruments  when  used  in  aircraft  performance 
tests. 

4.  The  general  report  on  aeronautic  instruments  presents  the  results  of  investigations 
made  during  the  war  by  the  Bureau  of  Standards  to  determine  the  characteristic  sources  of 
error  of  the  various  types  of  instruments.  Tachometers,  for  example,  for  measuring  the  revo- 
lutions per  minute  of  the  propeller  shaft  are  built  in  a  variety  of  different  types,  operating  on 
diverse  physical  principles.  There  are  the  chronometric,  centrifugal,  magnetic,  oloctric,  air 
viscosity,  air-pump,  and  liquid  types,  each  of  which  has  its  own  characteristic  sources  of  error. 
Aside  from  the  ordinary  errors  met  in  engineering  instruments,  such  as  incorrect  calibration, 
parallax,  looseness  of  friction  in  tho  mechanism,  elastic  hysteresis,  and  secular  changes,  those 
used  on  aircraft,  may  be  further  influenced  by  the  physical  conditions  peculiar  to  aviation,  viz, 
(1)  extreme  drop  of  pressure,  (2)  extreme  change  of  temperature,  (3)  vibration,  (4)  acceleration 
or  inclination.  Besides  the  above  rosults  this  report,  which  is  noarly  completed,  gives  a  descrip- 
tion of  the  instruments  collected  by  the  Bureau  of  Standards  in  cooperation  with  this  committee 
during  the  war,  including  those  of  British,  French,  Italian,  Kussian,  Danish,  and  German 
construction. 

In  the  light  of  that  report  it  will  be  evidont  that  the  objects  toward  which  instrument 
development  work  should  chiefly  bo  diroctod  in  the  immediate  future  may  be  summarized  as 
follows: 

1.  Open  scale  instruments  for  performance  testing  of  aircraft.  These  need  not  necessarily 
bo  so  compact,  light,  or  rugged  as  service  instruments,  and  hence  offer  freedom  for  such  design 
as  will  insure  the  highest  accuracy. 

2.  Instruments  for  long  distance  navigation,  including  an  absolute  or  ground  speed  indi- 
cator, and  such  a  form  of  gyroscopic  stabilizer  as  may  bo  needed  for  mounting  tho  instruments. 

3.  Instruments  to  guide  the  pilot  in  flying  through  fog,  such  as  more  reliable  gyro  turn 
indicators  and  compasses. 

4.  Better  materials  for  springs  and  diaphragms  and  a  moro  systematic  determination  of  the 
thermal  and  elastic  constants  of  the  materials. 
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The  Bureau  of  Standards  has  developed  (primarily  for] the  Air  MaiFService)  a  field-marking 
radio  device  which  enables  a  pilot  to  steer  directly  to  tho  center  of  his  landing  field,  although  it, 
may  be  obscured  by  clouds,  rain,  snow,  of  fog.  This  apparatus  utilizes  the  same  transmitting 
equipment  for  the  ordinary  radio  direction  finding  signals  and  for  tho  landing  signals.  The 
lauding  signals  are  projected  vertically  as  an  electromagnetic  cone  of  great  intensity,  which 
can  be  heard  satisfactorily  at  an  altitude  of  three  to  four  thousand  feet.  The  devico  onahlos 
tho  pilot  to  first  find  the  approximate  vicinity  of  a  landing  field  and  then  fly  directly  to  its  center, 
thus  making  a  safe  landing  in  a  fog  or  in  the  dark.  As  elevated  aerial  systems  are  manifestly 
dangerous  to  air  navigation,  the  Air  Mail  Serv  ice  experimented  extensively  in  radio  transmission 
with  antennas  only  20  feet  in  height,  highly  directional,  and  admitting  of  sharp  tuning.  The 
installation  of  high-powered  stations  in  the  vicinity  of  Hying  fields  is  therefore  made  possible. 
Efforts  are  boing  made  to  provide  and  perfect  a  practical  visual  signal  to  take  the  place  of  the 
present  audible  signal  requiring  an  audibility  of  10,000  to  overcome  engine  ignition  interference 
noises.  Such  a  signal  will  greatly  enlarge  the  field  of  operation,  A  now  type  of  gyroscopic 
nonmagnetic  compass,  intended  to  overcome  the  unreliability  of  the  magnetic  compass  caused 
by  vibrations  and  other  disturbing  influences  of  an  airplane  in  motion,  is  now  boing  developed 
by  the  Air  Mail  Service.  This  compass  is  now  in  a  usable  form  for  operation  on  land  or  sea,  and 
only  requires  such  changes  as  will  adapt  it  to  use  on  airplanes.  It  consists  essentially  of  a  solid 
metal  ball  floating  on  a  film  of  compressed  air  and  rotating  coordinately  in  fixed  relation  to  the 
earth's  rotation. 

REPORT  OF  COMMITTEE  ON  POWER  PLANTS  FOR  AIRCRAFT. 

During  the  year  ended  September  30,  1919,  the  activities  of  the  subcommittee  on  powoi 
plants  for  aircraft  have  consisted  in  the  support  and  general  supervision  of  researches  on  a 
number  of  power  plant  problems  of  importance  in  aeronautics  and  in  the  preparation  of  a 
considerable  number  of  reports  setting  forth  the  results  of  the  researches. 

The  committee  has  maintained  close  relations  with  the  several  other  agencies  engaged  in 
aeronautic  research  and  development,  including  the  Army,  the  Navy,  the  Bureau  of  Standards, 
the  Bureau  of  Mines,  and  the  several  manufacturers  engaged  in'  production  of  power  plants  and 
their  accessories  for  aircraft. 

Dynamometer  laboratory  equipment  is  being  installed  in  a  temporary  building  on  the 
grounds  of  the  National  Advisory  Committee  for  Aeronautics  at  Langley  Field,  Va.,  to  be 
operated  in  conjunction  with  other  laboratory  facilities  of  the  committee  at  that  point.  The 
plans  call  for  a  series  of  four  electric  dynamometers  of  the  following  size:  300  to  400  horsepower, 
200  to  300  horsepower,  45  to  75  horsepower,  and  1.5  to  5  horsepower.  All  are  equipped 
with  sufficient  auxiliary  apparatus  to  permit  securing  the  data  necessitated  by  the  researches 
scheduled  for  the  attention  of  this  laboratory.  The  purchase  of  the  200  to  300  horsepower 
dynamometer  will  probably  be  consummated  shortly  and  the  machine  used  temporarily  as  a 
generator  to  tide  over  the  period  of  power  shortage  in  both  the  dynamometer  laboratory  and 
the  wind  tunnel. 

The  following  classification  of  the  problems  relating  to  aeronautic  power  plants  may  serve 
as  a  basis  for  an  outline  of  the  committee's  work  for  the  year: 

I.  Complete  aeronautic  power  plants  units. 
II.  Component  parts  of  aeronautic  power  plants  units. 

1.  Heat  and  pressure  cycles. 

2.  Charging  systems. 

3.  Valve  gears. 

4.  Ignition  systems. 

5.  Cooling  systems. 

6.  Lubrication  systems. 

7.  Exhaust  systems. 

III.  Fuels. 

IV.  Lubricants. 
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I.  Complete  Aeronautic  Power  Plants  Units. 

The  study  of  general  performance  of  aircraft  engines  by  the  committee  has  been  confined 
to  research  in  the  Altitude  Laboratory  at  the  Bureau  of  Standards.  The  work  undertaken  here 
has  included  performance  tests  of  a  number  of  Liberty  "12,"  Hispano  "ISO,"  and  Ilispano 
"300"  horsepower  engines.  Tests  have  also  been  made  in  this  laboratory  of  one  Liberty  engine 
ami  one  Hispano-Suiza  oOO-horsepower  engine  in  cooperation  between  the  Bureau  of  Standards 
and  the  air  service  engineering  department  at  McCook  Field.  The  engines  were  first  tested  at 
McCook  Field  and  their  performance  analyzed  at  ground  level,  then  they  were  sent  to  the  Bu- 
reau of  Standards  for  a  complete  study  of  their  performance  at  altitudes,  after  which  the  same 
engines  were  mounted  in  planes  at  McCook  Field,  to  assist  in  the  study  of  plane  performance 
in  flight. 

The  collected  data  from  previous  tests  made  in  the  altitude  chamber  have  been  utilized 
for  the  preparation  of  several  reports  which  appear  in  the  preceding  volume.  Further  analysis 
of  these  results  is  in  progress  and  will  be  continued. 

II.  (1)  Heat  and  Pressure  Cycles. 

The  general  research  regarding  heat  and  pressure  cycles  in  engine  operation  may  be  divided 
into  several  parts:  (a)  The  research  for  the  determination  of  the  rates  of  flame  propagation 
in  engine  cylinders  being  carried  out  at  the  Bureau  of  Standards  and  mentioned  in  the  last 
annual  report  has  been  continued  and  a  considerable  amount  of  valuable  data  collected.  The 
results  show  that  the  propagation  of  flame  in  cylinders  under  normal  conditions  is  much  lower 
than  has  often  been  assumed.  This  rate  plays  an  important  part  in  the  performance  of  an  engine. 
A  very  comprehensive  series  of  measurements  is  in  progress  which,  when  cotnpleted,  will  undoubt- 
edly assist  in  clearing  up  many  existing  uncertainties  as  to  the  differences  in  the  behavior  of 
different  fuels  in  engines,  (b)  In  parallel  with  the  above  the  development  of  high-speed  gas 
engine  indicators  has  been  continued,  and  in  addition  to  the  optical  indicator  mentioned  in  the 
last  volume  there  has  been  developed  at  the  Bureau  of  Standards  a  new  type  of  balance  pres- 
sure indicator  which  gives  results  in  many  respects  far  superior  to  anything  of  the  kind  obtained 
previously.  This  indicator  is  being  applied  to  the  accurate  recording  of  not  only  compression 
and  explosion  pressures  but  of  intake  manifold,  exhaust  manifold,  and  cylinder  intake  and 
exhaust  pressures  with  a  very  high  degree  of  accuracy.  It  is  adapted  for  use  in  the  "altitude" 
chamber  where  the  engines  are  inaccessible  during  operation  and  is  being  applied  to  the  study 
of  cylinder  pressures  under  these  conditions.  The  so-called  "integrating"  indicator  in  various 
forms  is  receiving  attention  and  one  will  be  developed  at  the  Langley  Field  laboratory. 
II.  (2)  Charging  Systems. 

(a)  Much  experimental  work  has  been  in  progress  on  the  subject  of  supercharging  of  en- 
gines for  hi<,rh  altitude  fight  and  several  lines  of  attack  are  being  followed  by  different  interests 
both  in  America  and  abroad.  The  careful  study  of  this  subject  undertaken  by  the  committee 
last  year  led  to  the  decision  that  one  promising  line  of  attack  was  not  being  followed  out  else- 
where and  it  was  decided  to  push  forward  work  along  this  line. 

The  committee  has  had  constructed  an  experimental  supercharging  blower  of  the  positive 
(Root)  type  designed  by  one  of  its  members  and  suitable  for  application  to  the  Liberty  "12" 
engine.  This  apparatus  will  be  given  preliminary  tests  at  the  Langley  Field  laboratory,  after 
which  it  will  be  mounted  on  an  engine  and  subjected  to  performance  tests  at  that  laboratory 
and  probably  also  in  the  "altitude  chamber"  at  the  Bureau  of  Standards.  Successful  develop- 
ment to  this  point  will  be  followed  by  tests  in  flight  either  at  Langley  Field  or  at  McCook  Field. 

(b)  A  preliminary  study  of  the  effects  of  temperature  on  engine  performance  has  been 
completed  showing  that  this  problem  is  an  extremely  complex  one  and  will  require,  a  large 
amount  of  additional  research,  which  is  provided  for  during  the  coming  year. 

(c)  Tho  study  of  means  for  producing  proper  automatic  compensation  for  altitude  in  air- 
craft carburction  has  included  experimental  analysis,  by  means  of  the  carburetor  test  plant 
installed  at  the  Bureau  of  Standards,  of  three  distinct  types  of  altitude  compensations,  the  per- 
formance of  six  different  designs  of  carburetors  at  altitudes,  a  careful  study  of  a  number  of 
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mechanisms  oj)erated  by  air  pressure,  study  of  the  fuel  jets  in  several  types  of  carburetors, 
and  the  effects  of  air  temperature  on  the  metering  characteristics  of  these  fuel  jets.  The  main 
results  have  been  incorporated  in  reports  which  appear  in  the  preceding  volume. 

(d)  A  preliminary  study  has  been  made  to  determine  the  effects  of  the  pulsating  flow 
which  normall}'-  occurs  in  carburetors,  on  the  behavior  of  carburetors  and  of  the  various  means 
of  compensation  for  altitude.  The  results  obtained  to  date  serve  only  as  an  indication  of 
effects  which  may  prove  important  when  further  investigated,  which  the  committee  plans  to  do. 

(e)  No  work  has  been  done  the  past  year  on  flow  through  poppet  valves,  but  the  subject 
will  be  resumed  at  Langley  Field  the  coming  year. 

II.  (3)  Valve  Gears. 

No  work  has  been  done  specifically  under  this  head. 

II.  (4)  Ignition  Systems. 

(a)  The  study  of  spark  plugs  and  ignition  systems  has  been  continued  actively  at  the  Bu- 
reau of  Standards  under  the  general  supervision  of  the  committee.  The  new  spark  plug  porce- 
lain developed  at  the  bureau  last  year  found  wide  application  in  the  industry.  A  large  number 
of  different  types  of  spark  plugs  have  been  carefully  tested.  The  characteristics  of  several 
magnetos  and  other  ignition  devices  have  been  studied. 

Comprehensive  reports  have  been  prepared  covering  the  researches  in  ignition,  as  this 
investigation  has  now  reached  a  point  where  it  may  be  considered  practically  complete  as 
regards  the  characteristics  of  spark  plugs  and  magnetos.  There  remains  to  be  completed  the 
development  of  means  for  using  auxiliary  spark  gaps  to  overcome  fouling  of  spark  plugs.  Some 
work  on  this  subject  has  been  in  progress  most  of  the  year,  but  considerable  remains  to  be  done. 

The  Air  Mail  Service  has  supported  the  development  of  a  glass  and  mica  spark  plug  which 
is  giving  long  life  and  freedom  from  folding.  Another  quite  different  type  is  showing  about 
equal  life,  indicating  that  the  spark-plug  problem  in  commercial  flying  is  solvable  in  more  than 
one  way.  Ignition  reliability  in  this  service  is  further  increased  by  the  addition  of  a  reserve 
storage  battery. 

(b)  A  research  undertaken  to  determine  the  causes  of  deterioration  in  high-tension  ignition 
wiring  has  been  completed.  The  formation  of  ozone  due  to  the  high  voltage  is  the  immediate 
cause  of  deterioration  and  certain  materials  are  found  which  resist  this  action. 

(c)  A  satisfactory  determination  of  the  effects  of  spark  intensity  on  rate  of  inflammation 
of  the  charge  and  on  the  power  of  the  engine  is  greatly  needed.  Much  has  been  done  on  this 
problem  elsewhere,  but  as  yet  this  committee  has  not  been  able  to  undertake  a  comprehensive 
series  of  tests. 

II.  (5)  Cooling  Systems. 

(a)  Testing  of  specimens  of  radiator-core  construction  at  the  Bureau  of  Standards  has 
been  substantially  completed,  and  during  this  year  the  results  of  all  previous  work  on  these 
specimens  have  been  analyzed  and  incorporated  in  a  series  of  reports  which  appear  in  this  and 
the  Fourth  Annual  Report. 

{b)  Researches  are  in  progress  or  completed  to  determine  the  pressure  and  temperature 
distribution  within  the  cells  of  typical  radiators  and  the  effect  of  the  nature  of  the  surface 
exposed  to  the  air  on  these  relations.  The  results  show  that  the  efficiency  of  a  radiator  used  at 
high  air  speeds  is  always  decreased  by  roughness  of  the  surfaces  or  by  irregular  structures  which 
produce  turbulence 

(c)  An  experimental  and  a  mathematical  analysis  of  the  problem  of  air  cooling  of  cylinders 
have  been  undertaken.   Among  other  things  it  has  been  found  possible  to  calculate  the  dimen- 
sions of  cooling  flanges  to  be  used  under  almost  any  condition,  such  that  they  will  give  the 
maximum  of  cooling  capacity  with  a  minimum  of  metal. 
□.  (6)  Lubrication  Systems. 

No  work  has  been  done  under  this  specific  head. 
153215— S.  Doc.  ICC,  GG-2  3 
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II.  (7)  Exhaust  Systems. 

No  active  work  has  been  done  during  the  year  on  the  subject  of  muffling  systems,  although 
the  subject  is  considered  of  importance  and  will  be  advanced  during  the  coming  year  as  fast 
as  possible. 

III.  Fuels. 

(a)  A  special  research  was  undertaken  in  1917  by  private  parties  under  the  auspices  of  the 
committee  to  determine  the  practicability  of  a  proposed  method  of  producing  high-grade 
aviation  gasoline  without  the  usual  chemical  treatment.  This  work,  which  was  carried  out 
at  Charleston,  W.  Va.,  was  completed  during  the  year  and  the  results  reported. 

(b)  Tests  of  some  special  airplane  fuels  have  been  made  at  the  Bureau  of  Standards  in 
cooperation  with  the  committee  to  determine  the  suitability  of  these  fuels  for  aircraft  or  mili- 
tary use.  Among  these,  one,  an  alcohol-gasoline-benzol  mixture  tested  at  the  request  of  the 
Navy  Department,  gives  interesting  results  in  that  it  appears  to  reduce  decidedly  the  tendency 
of  the  engine  to  "knock"  even  at  extremely  high  pressures.  A  mixture  of  benzol  and  cyclo- 
liexane,  prepared  by  the  Bureau  of  Mines,  was  subjected  to  a  very  complete  series  of  tests  and 
shows  the  same  properties  as  the  foregoing  as  regards  tendency  to  "knock,"  but  shows  a  some- 
what higher  rate  of  fuel  consumption. 

A  blended  fuel  (composed  of  gasoline,  alcohol,  and  ether)  is  being  used  by  the  Air  Mail 
.Service  and  is  proving  advantageous  in  operation  characteristics  and  over-all  economy,  engine 
overhauling  for  carbon  removal  being  much  less  frequent. 

(c)  The  results  of  the  long  series  of  tests  completed  last  year  and  including  different  grades 
of  gasoline  for  use  as  aircraft  engine  fuels  have  been  analyzed  and  a  report  prepared  covering 
these  results.  In  general  it  has  been  found  that  for  different  grades  of  gasoline  there  are  only 
very  unimportant  differences  in  horsepower  when  proper  vaporization  and  mixing  of  the  air 
and  fuel  are  secured. 

IV.  Lubricants. 

The  committee  has  undertaken  directly  no  work  in  connection  with  the  study  of  lubricants, 
but  is  in  close  cooperation  with  the  lubrication  research  undertaken  during  the  year  by  the 
Bureau  of  Standards  for  the  War  Department.  This  program  has  included  the  establishment 
of  a  very  complete  lubrication  laboratory,  work  being  begun  actively  in  February,  1919.  Besides 
the  routine  testing  of  new  and  used  oils  in  connection  with  service  test  in  airplane  engines,  the 
laboratory  is  engaged  in  the  development  of  improved  methods  of  analysis  and  tests  of  lubri- 
cating oUs,  including  investigation  of  the  tests  of  demulsification,  oxidation,  absorption  of  gas- 
oline and  other  fuels.  A  comprehensive  series  of  service  tests  of  oils  in  aircraft  engines  has 
been  completed. 

A  new  type  of  friction-testing  machine  has  been  designed  and  built,  capable  of  making  tests 
on  aircraft  engine  bearings  of  all  the  usual  designs. 

REPORT  OF  COMMITTEE  ON  MATERIALS  FOR  AIRCRAFT. 

The  work  of  the  committee  on  materials  for  aircraft  during  the  past  year  has  been  hampered 
somewhat  by  the  disorganization  which  followed  the  cessation  of  hostilities.  Many  of  the 
investigations  have,  however,  been  continued,  principally  those  for  the  improvement  of  the 
metals  used  in  aircraft  construction,  particularly  the  light  alloys,  those  for  the  use  of  metal  to 
replace  wood  and  fabric  in  wing  construction  and  those  for  the  improvement  of  aircraft  fabrics. 

1 .  Corrosion  of  painted  and  unpointed  aluminum  sheets  in  sea  water. — On  the  reorganization 
of  the  committees  of  the  National  Advisory  Committee  for  Aeronautics,  the  light  alloys  com- 
mittee was  abolished  and  the  work  previously  carried  out  by  that  committee  was  transferred 
to  the  committee  on  materials  for  aircraft.  One  of  the  researches  pending  was  the  study  of 
corrosion  in  sea  water  of  painted  and  unpainted  aluminum  alloy  metal  plates,  in  which  were 
included,  in  addition,  some  of  the  ordinary  metals  of  commerce,  such  as  copper,  iron  Muntz 
metal,  etc.  These  plates  were  mounted  and  exposed  between  high  and  low  tides  in  sea  water  at 
the  following  navy  yards:  Portsmouth,  N.  H.,  Norfolk,  Va.,  and  Pensacola,  Fla.    After  three 
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months'  exposure  these  were  dismounted  and  the  results  of  the  observations  arc  being  prepared 
for  publication.  The  most  interesting  fact  relating  to  the  aluminum  and  duraluminuni  plates 
is  that  the  unpaiuted  and  painted  sheets  both  stood  up  very  well,  showing  very  little  effect  of 
corrosion  and  demonstrating  that  it  is  not  necessary  to  paint  aluminum  sheets  for  seaplanes, 
etc.  The  presence  of  oil  in  the  water  in  one  of  the  navy  yards  probably  has  influenced  some  of 
the  detailed  residts. 

2.  Pure  aluminum. — The  committee  on  light  alloys  considered  that  it  was  of  very 
considerable  importance  to  obtain  aluminum  as  free  as  possible  from  the  usual  impurities 
of  iron  and  silica,  thus  affording  a  basis  for  a  structural  study  of  such  alloys  as  duraluminum. 
This  work  is  progressing  at  the  Bureau  of  Standards^ 

8.  Metal  airplane  construction. — The  work  done  on  metal  airplane  wing  construction  during 
the  war  was  successful,  although. the  designs  which  proved  satisfactory  were  perfected  too  late 
to  be  produced  in  quantities.  It  is  believed,  however,  that  the  foundation  is  laid  for  the  manu- 
facture of  metal  wing  structures  for  commercial  planes  as  soon  as  they  are  required  in  quantities 
Which  will  warrant  the  expense  necessary  to  provide  tools,  dies,  etc. 

Further  tests  could,  however,  be  advantageously  made  on  wing  structures  for  which  steel 
tubing  is  used  for  the  flanges  and  lattice  members  for  the  beams. 

4-  Fireproof  wing  covering. — The  study  of  fireproof  wing  coverings  and  also  of  transparent 
wing  coverings  has  been  undertaken  at  the  Bureau  of  Standards.  The  theoretical  study  of 
this  problem,  now  practically  completed,  shows  that  several  methods  of  constructing  a  fire- 
proof covering  appear  feasible.  Experiments  to  determine  their  strength  and  resistance  to 
combustion  are  now  in  progress. 

5.  Transparent  unng  covering. — The  problem  of  securing  transparent  covering,  especially 
if  it  is  to  be  nonintlammable,  is  of  unusual  difficulty,  principally  due  to  the  poor  optical  prop- 
erties of  such  a  film  and  the  probability  that  it  will  lack  strength.  These  are  matters  which 
are  receiving  careful  study  and  upon  which  it  is  believed  that  definite  conclusions  will  be  reached 
in  the  near  future. 

6".  Fabrics  for  aircraft.  — -Most  of  the  work  was  a  study  of  tautness,  tear  resistance,  and 
dope  penetration.  The  development  of  a  heavy  fabric  for  large  airplanes  was  also  undertaken, 
as  well  as  the  development  of  a  light-weight  balloon  fabric  in  which  an  investigation  was  made 
of  the  variation  of  permeability  of  the  fabric  for  fabrics  having  different  thread  counts. 

None  of  these  important  researches  is  yet  finished,  but  all  are  being  pushed  to  completion 
as  rapidly  as  conditions  will  permit. 

Among  the  problems  which  are  considered  worthy  of  careful  study  are  some  of  the  many 
suggestions  and  designs  for  reinforced  airplane  fabrics. 

Little  work  has  been  done  on  airplane  dopes  and  varnishes  during  the  past  year. 

Subcommittees. — In  order  to  carry  on  the  work  of  the  committee  more  effectively,  three 
subcommittees  have  been  formed.    They  are: 
Subcommittee  1 :  Metals. 
Subcommittee  2 :  Woods  and  glue. 

Subcommittee  3 :  Coverings,  dopes,  and  protective  coverings. 

TECHNICAL  REPORTS. 

The  first  annual  report  of  the  committee  contained  technical  reports  Nos.  1  to  7;  the  second 
annual  report,  Nos.  8  to  12;  the  third  annual  report,  Nos.  13  to  23;  the  fourth  annual  report, 
Nos.  24  to  50;  with  this,  the  fifth  annual  report,  the  committee  submits  the  following  technical 
reports,  Nos.  51  to  82: 

Report  No.  51,  entitled  "Spark  Plug  Defects  and  Tests,"  by  F.  B.  Silsbee,  of  the  Bureau 
of  Standards.  The  successful  operation  of  the  spark  plug  depends  to  a  large  extent  on  the 
gas  tightness  of  the  plug.  Part  1  of  this  report  describes  the  method  used  for  measuring  the 
gas  tightness  of  aviation  spark  plugs.  Part  IT,  entitled  "Methods  for  Tests  of  Spark  Plugs," 
describes  the  methods  used  in  testing  the  electrical  conductivity  of  the  insulation  material 
when  hot,  the  testing  of  the  cold  dielectric  strength  of  the  insulation  material,  the  resistance 
to  mechanical  shock,  and  the  filial  engine  test. 
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Report  No.  52,  entitled  "Temperatures  in  Spark  Plugs  having  Steel  and  Brass  Shells," 
l>y  C.  S.  Cragoe,  of  the  Bureau  of  Standards.  The  report  embodies  the  results  of  measurements 
taken  of  the  electrodes  and  insulators  of  spark  plugs  of  different  types  while  they  were  in  actual 
operation.  The  data  throw  considerahle  light  upon  the  prohlem  of  the  proper  control  of  tem- 
peratures in  these  parts. 

Report  No.  53,  entitlted  "Properties  and  Preparation  of  Ceramic  Insulators  for  Spark 
Plugs."  Part  I,  "Methods  of  Measuring  Resistance  of  Insulators  at  High  Temperatures," 
by  P.  B.  Silsbee  and  R.  K.  Honaman,  of  the  Bureau  of  Standards,  describes  in  some  detail 
the  preliminary  experiments  which  were  made  on  the  conductivity  of  spark-plug  insulators  in 
order  to  develop  a  satisfactory  comparative  method  for  testing  various  spark-plug  materials. 
Part  II,  "Electrical  Resistance  of  Various  Insulating  Materials  at  High  Temperatures,"  by  R.  K. 
Honaman  and  E.  L.  Fonseca,  of  the  Bureau  of  Standards,  gives  data  showing  the  characteristics 
of  various  porcelains  and  other  materials  when  subjected  to  a  high  •  temperature,  which  is  to 
cause  the  current  to  flow  through  the  body  of  the  plug  instead  of  sparking  at  the  terminals. 
Part  III,  "Preparation  and  Composition  of  Ceramic  Bodies  for  Spark  Plug  Insulators,"  by 
A.  V.  Bleininger,  of  the  Bureau  of  Standards,  gives  the  composition  of  a  number  of  porcelains 
developed  by  the  Bureau  of  Standards  suitable  for  spark-plug  purposes.  Part  IV,  "Cements  for 
Spark  Plug  Electrodes,"  by  H.  F.  Staley,  of  the  Bureau  of  Standards,  gives  the  results  of  an 
investigation  to  obtain  the  best  possible  cement  to  hold  the  nickel  electrode  wire  in  the  porcelain 
body  of  a  spark  plug.  k 

Report  No.  54,  entitled  "Effect  of  Temperature  and  Pressure  on  the  Sparking  Voltage," 
by  F.  B.  Silsbee  and  L.  B.  Loeb,  of  the  Bureau  of  Standards.  This  report  presents  the  results 
of  an  investigation  which  was  to  determine  how  the  voltage  necessary  to  produce  the  proper 
spark  discharge  varies  with  the  pressure  and  temperature  of  the  gas  in  which  the  discharge 
takes  place. 

Report  No.  55,  entitled  "Investigation  of  the  MufHing  Problem  for  Airplane  Engines," 
by  G.  B.  Upton  and  Victor  R.  Gage,  of  Cornell  University.  The  importance  of  eliminating  the 
noise  of  the  engine  by  some  muffling  device  has  been  thoroughly  appreciated.  This  report 
deals  with  experiments  in  the  development  of  a  muffler  designed  on  an  entirely  new  principle, 
which  will  give  the  maximum  muffling  effect  with  a  minimum  loss  of  power. 

Report  No.  56,  entitled  "Heat  Energy  of  Various  Ignition  Sparks."  Part  I,  "Method  of 
Measuring  Heat  Energy  of  Ignition  Sparks,"  by  F.  B.  Silsbee,  L.  B.  Loeb,  and  E.  L.  Fonseca, 
of  the  Bureau  of  Standards,  describes  a  method  developed  at  the  Bureau  of  Standards  for 
measuring  the  total  energy  liberated  as  heat  in  a  spark  gap  by  an  ignition  system,  and  gives  a 
means  of  measuring  the  effectiveness  of  an  ignition  device  as  an  electric  generator.  Part  II, 
"  Measurement  of  Heat  Energy  per  Spark  of  Various  Ignition  Systems,"  by  F.  B.  Silsbee  and 
E.  L.  Fonseca,  gives  the  results  of  direct  measurements  in  absolute  units  of  the  total  heat  sup- 
plied -to  a  spark  gap  by  ignition  systems  of  different  types  operating  at  various  speeds,  under 
conditions  substantially  equivalent  to  those  in  the  cylinder  of  a  high-compression  aviation 
engine. 

Report  No.  57,  entitled  "The  Subsidiary  Gap  as  a  Means  for  Improving  Ignition,'-  by 
W.  S.  Gorton,  of  the  Bureau  of  Standards.  This  report  presents  the  results  of  an  investigation 
into  the  utility,  action,  and  design  of  the  auxiliary  spark  gap  as  a  means  for  insuring  freedom 
from  spark  plug  failure  due  to  fouling,  and  also  to  enable  the  restarting  of  fouled  plugs. 

Report  No.  58,  "Characteristics  of  High-Tension  Magnetos,"  by  F.  B.  Silsbee,  of  the 
Bureau  of  Standards,  gives  the  results  of  an  investigation  made  into  the  fundamentel  physical 
characteristics  of  high-tension  ignition  megnctos,  and  also  describes  the  methods  used  for 
measuring  tho  quantities  involved. 

Report  No.  59,  entitled  "General  Analysis  of  Airplane  Radiator  Problems,"  by  H.  C. 
Dickinson,  W.  S.  James,  and  R.  V.  Kleinsclunidt,  of  the  Bureau  of  Standards,  embodies  the 
results  of  a  very  extensive  research,  both  theoretical  and  experimental,  into  the  problems 
involved  in  the  dissipation  of  heat  by  means  of  the  airplane  radiator. 
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Report  No.  60,  entitled  "General  Discussion  of  Test  Methods  for  Radiators,"  by  H.  C.  Dick- 
inson, W.  S.  James,  and  W.  B.  Brown,  of  the  Bureau  of  Standards,  describes  the  methods  and 
apparatus  developed  and  used  iiv  the  extensive  experimental  research  into  the  problems  involved 
in  the  dissipation  of  heat  by  means  of  the  airplane  radiator. 

Report  No.  61,  entitled  "Head  Resistance  Due  to  Radiators,"  by  R.  V.  Kleinschmidt  and 
S.  K.  Parsons,  of  the  Bureau  of  Standards,  gives  the  results  of  experimental  determinations 
of  head  resistance  of  a  wide  variety  of  radiator  cores,  and  also  of  three  forms  of  complete  radi- 
ators. Special  attention  should  be  called  to  the  valuo  of  the  wing  radiator  and  of  the  radiator 
located  in  the  open,  especially  when  the  latter  is  provided  with  a  properly  designed  stream- 
lined casing. 

Report  No.  62,  entitled  "Effect  of  Altitude  on  Radiator  Performance,"  by  W.  S.  James 
and  S.  R.  Parsons,  was  prepared  at  the  Bureau  of  Standards,  and  gives  the  results  of  a  study 
of  the  effect  of  reduced  pressure  and  temperature  upon  the  capacity  of  airplane  radiators. 

Report  No.  63,  entitled  •'Results  of  Tests  on  Radiators  for  Aircraft  Engines."  by  H.  C.  Dick- 
inson, W.  S.  James,  and  R.  V.  Kleinschmidt.  Part  1  of  t  his  report  presents  the  results  of  tests  on 
56  types  of  cores,  in  a  form  convenient  for  use  in  the  study  of  the  performance  and  of  the  possible 
improvements  in  existing  designs.  Part  II  gives  the  results  of  some  extensive  experimental 
determinations  of  the  resistance  to  the  flow  of  circulating  water  through  a  wide  variety  of 
radiator  cores.  These  data  are  of  special  value  in  evaluating  the  hydraulic  head  against  which 
the  circulating  pump  is  required  to  operate. 

Report  No.  64,  entitled  "Experimental  Research  on  Air  Propellers,  III,"  by  W.  F.  Durand 
and  E.  P.  Lesley,  is  a  continuation  of  a  report  on  the  same  subject  published  in  the  fourth 
annual  report  of  this  committee,  and  has  been  prepared  by  Prof.  E.  P.  Lesley,  of  Leland  Stan- 
ford Junior  University.  It  states  the  results  of  investigations  made  upon  numerous  propeller 
models  at  the  request  of  this  committee,  and  contains  valuable  data  to  those  interested  in  the 
design  of  air  propellers. 

Report  No.  65,  entitled  '"The  Kiln  Drying  of  Woods  for  Airplanes,"  by  Harry  D.  Tiemann, 
of  the  Forest  Products  Laboratory.  This  report  is  descriptive  of  various  methods  used  in  the 
kiln  drying  of  woods  for  airplanes  and  gives  the  results  of  physical  tests  on  different  types  of 
woods  after  being  dried  by  the  various  kiln-drying  methods. 

Report  No.  66,  entitled  "Glues  Used  in  Airplane  Parts,"  by  S.  W.  Allen  and  T.  R.  Truax, 
embodies  the  results  of  research  on  the  glues  used  in  the  manufacture  of  wooden  airplane  parts, 
conducted  by  the  Forest  Products  Laboratory  of  the  United  States  Forest  Service.  The 
methods  described  for  the  testing  of  the  physical  properties  of  the  different  types  of  glues  are 
of  considerable  interest  and  value. 

Report  No.  67,  entitled  "Supplies  and  Production  of  Aircraft  Woods,"  by  W.  N.  Sparhawk, 
forest  examiner,  Forest  Service,  Department  of  Agriculture.  The  purport  of  this  report  is 
to  present  in  brief  form  such  information  as  is  available  regarding  the  supplies  of  the  kinds 
of  wood  that  have  been  used  or  seem  likely  to  become  important  in  the  construction  of  air- 
planes, and  also  a  general  statement  of  the  uses  to  which  each  kind  of  wood  is  or  may  be  put. 

Report  No.  68,  "The  Effect  of  Kiln  Drying  on  the  Strength  of  Airplane  Woods,"  by  T.  R. 
C.  Wilson,  of  the  Forest  Products  Laboratory,  is  a  very  complete  treatise  on  the  comparative 
strength  of  air  and  kiln  dried  wood.  The  series  of  tests  included  26  species  of  wood,  approxi- 
mately 100  kiln  runs,  and  over  10,000  mechanical  tests. 

Report  No.  60,  entitled  '  A  Study  of  Airplane  Ranges  and  Useful  Loads,"  by  Dr.  J.  G. 
Coffin,  of  the  Curtiss  Engineering  Corporation,  is  an  analysis  of  the  maximum  flight  radii  of 
typical  large  airplanes  and  a  discussion  of  the  way  in  which  the  possible  length  of  flight  is 
affected  by  the  change  of  woight  by  consumption  of  fuel  during  the  flight. 

Report  No.  70,  entitled  '  Preliminary  Report  on  Free  Flight  Tests,"  by  Edward  P.  Warner 
and  F.  H.  Norton,  of  the  advisory  committee's  staff  at  Langley  Field,  relates  to  some,  simple 
studies  on  the  lift  and  drag  characteristics  and  longitudinal  balance  and  stability  of  an  air- 
plane, as  determined  by  measurements  in  flight. 
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Report  No.  71,  entitled  i- Slip-Stream  Corrections  in  Performance  Computation,"  by 
Edward  P.  Warner,  is  an  analysis  of  experiments  performed  by  Eiffel  on  tbe  air  velocity  in  the 
slip  stream  of  a  propeller,  and  also  includes  a  theoretical  discussion  of  the  magnitude  of  this 
velocity  in  different  propellers. 

Report  No.  72," entitled  "Wind  Tunnel  Balances,"  by  Edward  P.  Warner  and  F.  H.  Norton, 
embodies  a  description  of  the  balance  designed  and  constructed  for  the  use  of  the  National 
Advisory  Committee  for  Aeronautics  at  Langley  Field,  and  also  deals  with  tbe  theory  of  sensi- 
tivity of  balances  and  with  the  errors  to  which  wind  tunnel  balances  of  various  types  are  subject. 

Report  No.  73,  entitled  '  The  Design  of  Wind  Tunnels  and  Wind  Tunnel  Propellers,"  by 
Edward  P.  Warner,  F.  II.  Norton,  and  C.  M.  Ilebhert.  discusses  (lie  theory  of  energy  losses  in 
wind  tunneis,  the  application  of  the  Drzewiccki  theory  of  propeller  design  to  wind  tunnel  pro- 
pellers, and  the  efficiency  and  steadiness  of  flow  in  model  tunnels  of  various  types. 

Report  No.  74,  entitled  "Construction  of  Models  for  Tests  in  Winds  Tunnels,"  by  F.  H. 
Norton,  deals  with  the  methods  of  constructing  aerofoils  and  all  other  parts  of  a  model  air- 
plane, including  discussion  of  the  degree  of  accuracy  required. 

Report  No.  75,  entitled  "The  Aerodynamic  Properties  of  Thick  Aerofoils  Suitable  for 
Internal  Bracing,"  by  F.  H.  Norton,  relates  to, some  experiments  performed  at  the  wind  tuimcl 
of  the  Massachusetts  Institute  of  Technology.  The  report  includes  the  results  of  tests  on  a 
number  of  aerofoils,  both  straight  ami  tapered,  of  constant  and  variable  form,  most  of  the 
sections  being  derived  from  tho  "Durand  No.  13"  as  a  basis. 

Report  No.  76,  entitled  "Analysis  of  Fuselage  Stresses,"  by  Edward  P.  Warner  and  R.  G. 
Miller,  is  devoted  to  a  discussion  of  the  conditions  of  loading  to  which  a  fuselage  may  be  sub- 
jected and  to  comparative  analysis  of  a  typical  fuselage  under  seven  different  sets  of  loading 
conditions. 

Report  No.  77,  entitled  "The  Parker  Variable  Camber  Wing,"  by  H.  F.  Parker.  This 
report  deals  with  tho  problem  of  increasing  the  speed  range  of  an  airplane  by  varying  the  camber 
of  a  wing  surface.  Tho  variablo  camber  wing  offers  many  advantages  over  the  variable  inci- 
dence type  of  speed  range. 

Report  No.  78,  entitled  "The  Limiting  Velocity  in  Falling  from  a  Great  Height,"  by  Prof. 
E.  B.  Wilson,  of  the  Massachusetts  Institute  of  Technology,  is  a  simple  treatment  of  the  prob- 
lem, showing  that  the  fundamental  characteristic  of  the  vertical  motion  under  gavity  in  a 
resisting  medium  is  the  approach  to  a  terminal  or  limiting  velocity,  whether  the  initial  down- 
ward velocity  is  less  or  greater  than  the  limiting  velocity. 

Report  No.  79,  entitled  "Bomb  Trajectories,"  by  Prof.  E.  B.  Wilson,  of  the  Massachusetts 
Institute  of  Technology,  is  a  mathematical  treatise  dealing  with  the  trajectories  of  bombs  of 
high  terminal  velocity,  dropped  from  a  great  altitude. 

Report  No.  80,  entitled  "•Stability  of  the  Parachute  and  Helicopter,"  by  H.  Bateman,  of 
Throop  College  of  Technology,  deals  with  an  extension  of  the  theory  of  stability  in  oscillation 
to  the  case  of  aircraft  following  a  vertical  trajectory,  and  particularly  to  the  oscillations  of 
parachutes. 

Report  No.  81,  entitled  "Comparison  of  United  States  and  British  Standard  Pitot-Static 
Tubes,"  by  Dr.  A.  F.  Zahm  and  R.  II.  Smith.  The  results  shown  in  this  report  give  a  compre- 
hensive comparison  of  the  accuracy  of  United  States  and  British  standard  Pitot  tubes. 

Report  No.  82,  entitled  "Airplane  Stress  Analysis,"  by  Dr.  A.  F.  Zahm,  is  a  textbook  on 
stresses  in  all  parts  of  the  airplane  and  in  all  sorts  of  trusses,  and  contains  a  number  of  illus- 
trative examples. 

FINANCIAL  REPORT. 

The  appropriation  "National  Advisory  Committee  for  Aeronautics,  1919,"  carried  in  the 
sundry  civil  appropriation  act,  approved  July  1,  1918,  is  as  follows: 

For  scientific  research,  technical  investigations,  and  special  reports  in  the  field  of  aeronautics,  including  the  neces- 
sary laboratory  and  technical  assistants;  traveling  expenses  of  members  and  employees;  office  supplies,  printing,  and 
other  miscellaneous  expenses;  equipment,  maintenance,  and  operation  of  research  laboratory  and  construction  of 
additional  buildings  necessary  in  connection  therewith;  personal  services  in  the  field  and  in  the  District  of  Columbia: 
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Provided,  That  tho  sum  to  be  paid  out  of  this  appropriation  for  clerical,  drafting,  watchmen,  and  messenger  service  for 
the  fiscal  year  ending  June  thirtieth,  nineteen  hundred  and  nineteen,  shall  not  exceed  $43,000:  in  all.  $200,000.  of  which 
sum  SKI. 300  shall  he  available  for  printing  and  binding  the  bibliography  of  aeronautics  from  July  first .  nineteen  hun- 
dred and  nine,  to  lieceioher  thrit y-lirst .  nineteen  hundred  and  sixteen:  Provided.  That  the  Secretary  of  War  is  author- 
ized and  directed  to  furnish  ollieo  space  to  the  National  Advisory  Committee  for  Aeronautics  in  governmental  build- 
ings occupied  by  the  Signal  Corps. 

This  sum,  added  to  the  continuing  appropriation  of  $5,000  a  year  for  five  years,  carried  in 
the  act  establishing  the  committee,  made  a  total  of  $205,000  available  for  the  fiscal  year  1919. 

Out  of  this  total  appropriation  of  §205,000  for  the  expenses  of  the  committee  for  the  fiscal 
year  1919.  the  committee  reports  expenditures  and  obligations  during  the  year  amounting  to 
§204,381.27  itemized  as  follows: 


Salaries  (including  engineering  staff)   $59,  789.  03 

Wages  .....;..  J.._.;f   5,  868.  68 

Equipmen  t   45, 651 .  24 

Supplies   25, 255. 14 

Transportation  and  communication   ], 000.  2.H 

Travel   4, 722. 01 

Special  investigations  and  reports   24, 298.  37 

Construction  of  buildings   37,  790.  45 


Total   204,381.27 


Appropriation  for  the  fiscal  year  1920. — The  appropriation  'National  Advisory  Committee 
for  Aeronautics,  1920,"  carried  in  the  sundry  civil  act,  approved  July  19,  1919,  is  as  follows: 

For  scientific  research,  technical  investigations,  and  special  reports  in  the  held  of  aeronautics,  including  the  neces- 
sary laboratory  and  technical  assistants;  traveling  expenses  of  members  and  employees;  otlice  supplies,  printing,  and 
other  miscellaneous  expenses,  including  technical  periodicals  and  books  of  referuce;  equipment,  maintenance,  and 
operation  of  research  laboratory  and  wind  tunnel,  and  construction  of  additional  buildings  necessary  in  connection 
therewith;  not  to  exceed  $1,500  for  the  purchase,  inaintonace.  and  operation  of  one  motor-propelled  passenger-carrying 
vehicle;  personal  services  in  the  Held  and  in  the  District  of  Columbia:  Provided,  That  the  sum  to  be  paid  out  of  this 
appropriation  for  clerical,  drafting,  watchmen,  and  messenger  service  for  the  fiscal  year  ending  June  30.  1920.  shall  not 
exceed  $43.000;in  all,  $175,000. 

Estimates  for  the  fiscal  year  1921. — The  following  estimates  of  expenditures  for  the  fiscal 
year  1921  have  been  submitted  by  the  committee  in  due  form: 

For  scientific  researc  h,  technical  investigations,  and  special  reports  in  the  field  of  aeronautics,  including  the  neces- 
sary laboratory  and  technical  assistants;  traveling  expenses  of  members  and  employees;. oflieo  supplies,  printing,  and 
other  miscellaneous  expenses,  including  technical  periodicals  and  books  of  reference;  equipment,  maintenance,  and 
operation  of  research  ami  dynamometer  laboratories  and  wind  tunnel,  and  construction  of  additional  buildings  neces- 
sary in  connection  therewith:  construction  and  equipment  of  necessary  temporary  quarters  at  l.angley  Field  for  civilian 
employees:  maintenance  and  opera!  ion  of  one  motor-propelled  passenger- carrying  vehicle,  and  purchase,  maintenance, 
anil  operation  of  one  motor-propelled  passenger-carrying  motorcycle;  personal  services  in  the  held  and  in  the  District 
of  Columbia:  Provided,  That  the  sum  to  be  paid  out  of  this  appropriation  lor  clerical,  drafting,  watchmen,  and  messen- 
ger service  for  the  fiscal  year  ending  June  30,  1921.  shall  not  exceed  $05,000;  in  all,  $437,000. 

CONCLUSION. 

The  science  and  art  of  aeronautics  made  wonderful  progress  during  the  war,  due  to  the 
stimulus  of  necessity.  Over  11,000  aviators  were  trained  in  this  country,  with  n  loss  of  264 
lives  in  training,  and  more  than  13,000  airplanes  were  constructed  in  the  United  States.  There 
were  great  delays,  however,  in  getting  an  effective  air  force  into  action  during  the  war,  due 
primarily  to  the  general  lack  of  preparation  for  war,  hut  particularly  due  to  the  lack  of  a  proper 
scientific  and  technical  foundation  before  the  war. 

From  the  lessons  of  the  war  we  know  that  aeronautics  will  he  the  fust  arm  of  defense  and 
of  offense  to  come  into  action  in  future  wars.  Victory  will  sharply  incline  to  the  side  that 
establishes  superiority  in  the  air.  though  its  other  forces  may  be  relatively  weaker  than  the 
enemy's.  It  follows  thai  serious  losses  in  industry,  personnel,  supplies,  and  communication  can 
easily  be  indicted  on  the  enemy,  and  a  decided  superiority  in  the  air,  once  attained,  will  be 
didictilt  to  overcome. 


40 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Several  European  nations  are  making  strenuous  efforts  and  comparatively  large  peace- 
time expenditures  to  develop  aeronautics  and  to  maintain  a  trained  reserve  personnel.  In 
America  we  have  a  force  of  reserve  military  aviators,  but  our  peace-time  expenditures  for  the 
maintenance  of  an  aircraft  industry  and  the  further  development  of  aeronautics  are  small. 
The  committee  invites  the  attention  of  the  Congress  to  the  need  for  providing  encouragement 
for  the  development  of  commercial  aviation,  as  well  as  military  aviation,  and  to  the  need  for 
more  liberal  support  of  scientific  research  and  experimental  work  in  aeronautics.  There  are 
many  practical  problems  involved  in  the  development  of  aeronautics  commercially,  and  the 
commercial  development,  aside  from  being  its  own  reward,  will  be  a  distinct  military  asset  in 
time  of  war,  and  should  therefore  be  encouraged  and  guided  as  far  as  practicable  by  the  Gov- 
ernment. In  this  connection  the  remarkable  record  of  the  Air  Mail  Service  is  encouraging. 
In  the  first  place  the  Post  Office  Department  sought  and  obtained  the  advice  of  the  National 
Advisory  Committee  for  Aeronautics,  and  through  it  obtained  material  assistance  from  other 
agencies  of  the  Government,  particularly  the  Signal  Corps  of  the  Army.  Its  continued  inde- 
pendent development  should  be  encouraged . 

To  summarize  the  more  immediate  and  important  matters,  the  committee  strongly  recom- 
mends to  the  Congress: 

First.  That  liberal  support  be  given  to  the  estimates  and  programs  for  the  development  of 
military,  naval,  and  postal  air  servicos. 

Second.  That  greater  support  be  given  to  the  National  Advisor}-  Committee  for  Aeronautics 
in  its  program  for  the  continuous  scientific  stud}'  of  the  problems  of  flight.  This  is  particularly 
desirable  because  of  the  great  increase  in  the  number  and  importance  of  the  problems  to  bo 
solved  and  tho  reduced  volume  of  experimental  work  conducted  by  other  agencies  since  the 
signing  of  tho  armistice.  Greater  direct  support  of  scientific  research  and  experimental  work 
in  aeronautics  becomes  a  necessity  in  view  of  the  limited  appropriations  for  tho  Army  and  Navy 
Air  Services  and  the  consequently  limited  encouragement  and  limited  ability  of  the  aircraft 
industry  to  conduct  experimental  and  development  work. 

Third.  That  special  steps  be  taken  at  once  through  the  proper  governmental  channels  to 
encourage  foreign  trade  in  aircraft.  Tho  committee  suggests  that  it  may  be  advisable  to  send 
a  special  aeronautical  mission  to  South  American  countries  to  create  markets  for  American 
aircraft  and  to  interest  and  advise  the  commercial  attaches  of  the  Department  of  Commerce 
and  the  consular  agents  of  the  State  Department  as  to  the  possibilities  of  aeronautics  in  those 
countries  and  the  ability  of  tho  American  aircraft  manufacturers  to  meet  the  needs. 

Fourth.  That  every  practicable  encouragement  be  givon  by  the  Federal  Government  to 
the  establishment  of  landing  fields  in  and  by  municipalities  generally,  and  as  near  the  centers 
of  activity  as  possible.  The  committee  especially  suggests  that  the  War  Department  he  author- 
ized to  cooperate  with  the  various  municipalities  at  least  to  the  extent  of  aiding  in  the  layout 
and  marking  of  the  fields  and  the  placing  of  at  least  one  hangar  on  each  field. 

Fifth.  That  legislation  be  enacted  for  the  regulation  of  civil  aerial  navigation,  of  the  issu- 
ance of  licenses  to  pilots,  of  inspection  of  aircraft,  of  uses  of  landing  fields,  etc.,  that  the  enforce- 
ment of  regulations  be  placed  under  the  Department  of  Commerce,  and  that,  pending  enactment 
of  definite  regulations  by  Congress,  a  board  of  representatives  of  various  Government  depart- 
ments and  of  this  committee  be  authorized  to  prepare  such  regulations  for  the  approval  of  the 
Secretary  of  Commerce.  The  committee  believes  that  air  navigation  should  be  regulated  in 
much  the  same  manner  as  marine  navigation,  and  recommends  tho  above  as  purely  temporary 
legislation. 

Sixth.  That  a  continuing  program  for  the  construction  of  aircraft  for  the  various  govern- 
mental services  bo  authorized,  so  as  to  assure,  through  the  apportionment  of  relatively  small 
orders  among  manufacturers  of  aircraft,  the  existence  of  a  nucleus  of  an  aircraft  industry  capa- 
ble of  expansion  to  meet  military  needs  in  an  emergency. 
Respectfully  submitted. 

National  Advisory  Committee  for  Aeronautics, 
Joseph  S.  Ames,  Chairman  Executive  Committee. 
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CAUSES  OF  FAILURE  OF  SPARK  PLUGS. 

By  F.  B.  Sii.sbek. 


r£sum£. 

It  is  the  purpose  of  this  report  to  collect  and  correlate  a  considerable  amount  of 
information  which  has  been  accumulated  at  the  Bureau  of  Standards  for  the  National 
Advisory  Committee  for  Aeronautics  during  the  past  two  years  relative  to  the  causes 
of  failure  of  spark  plugs  in  aviation  engines.  It  is  hoped  by  defining  the  various  types 
of  failure  to  clarify  the  spark-plug  problem  and  to  be  of  assistance  to  the  manufacturers 
in  improving  their  designs.  The  characteristics  of  the  ignition  system  used  in  aviation  gasoline 
engines  are  such  that  only  a  certain  maximum  voltage  can  be  produced  by  the  system  even 
on  open  circuit,  and  if  the  insulation  between  the  spark-plug  terminals  is  reduced  the  maximum 
voltage  is  correspondingly  reduced  and  no  spark  will  occur  if  the  insulation  is  too  low.  The 
requirements  which  a  spark  plug  must  meet  are,  therefore, 

1.  The  maintenance  of  a  gap  having  a  breakdown  voltage  of  about  6,000  volts. 

2.  The  maintenance  of  an  insulation  resistance  of  at  least  100,000  ohms. 

3.  Practically  complete  gas  tightness. 

These  requirements  must  be  maintained  under  pressures  of  500  to  600  pounds  per  square 
inch  while  immersed  in  a  medium  which  alternates  rapidly  in  temperature  between  0  and 
2,500°  C,  and  in  an  atmosphere  which  tends  to  deposit  soot  upon  the  surface  of  the  insulator. 
The  various  manners  in  which  a  spark  plug  may  become  inoperative  may  be  enumerated  as 
follows: 

1.  Fouling  with  carbon  deposit  causing  short  circuit. 

2.  Fouling  with  oil  deposit  causing  open  circuit. 

3.  Breaking  of  the  insulator. 

4.  Preignition. 

5.  Conduction  through  the  insulator. 

6.  Electrical  puncture  of  the  insulator. 

7.  Minor  trouble,  such  as  warping  and  breaking  of  electrodes,  etc. 

Experience  in  the  altitude  laboratory  at  the  bureau  and  authoritative  information  received 
from  France  indicate  that  the  first  type  of  failure  accounts  for  over  50  per  cent  of  the  trouble 
encountered  in  practice,  particularly  at  high  altitudes;  the  third  tj7pe  of  failure  accounts  for 
nearly  40  per  cent  of  the  trouble;  the  second  type  of  failure  occurs  quite  frequently  when  first 
starting  an  engine,  but  very  seldom  develops  after  the  engine  is  once  running.  The  other  types 
of  failure  are  of  relatively  rare  occurrence,  but  must  be  kept  in  mind  in  the  design  of  spark 
plugs,  since  departure  from  the  conventional  designs  is  very  liable  to  produce  one  or  another 
of  these  types  of  failure. 

In  the  report  the  cause  and  identification  of  each  type  of  failure  are  described  in  detail 
and  where  possible  remedies  are  suggested.  These  remedies  are  unfortunately  so  conflicting 
in  character  that  no  general  conclusions  can  be  drawn,  and  the  design  of  a  spark  plug  is  in 
every  case  a  matter  of  balancing  the  opposing  requirements  to  suit  conditions  in  the  particular 
engine  considered. 
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INTRODUCTION. 

It  is  the  purpose  of  this  report  to  collect  and  correlate  a  considerable  mass  of  data  and 
information  which  has  been  accumulated  at  the  Bureau  of  Standards  during  the  past  two 
yeai-s  relative  to  the  causes  of  failure  of  spark  plugs  in  aviation  engines.  It  is  hoped  by  defining 
the  various  distinct  types  of  failure  which  are  liable  to  occur  and  by  indicating  their  relative 
importance  and,  where  possible,  the  remedies  for  them,  at  least  to  clarify  the  spark-plug  prob- 
lem and  to  be  of  some  assistance  to  manufacturers  in  improving  their  designs.  Owing  to  the 
fact  that  the  various  types  of  failure  often  require  remedies  which  are  conflicting  in  character, 
only  general  conclusions  can  be  drawn,  and  any  design  of  plug  must  require  a  balance  between 
opposing  factors,  the  relative  importance  of  which  depends  upon  the  type  of  engine  in  which 
the  plug  is  to  be  used. 

The  sources  from  which  this  data  has  been  obtained  are  somewhat  varied.  There  is  at  the 
Bureau  of  Standards  an  altitude  laboratory  in  which  aviation  engines  are  tested  while  in  a 
vacuum  chamber,  so  arranged  as  to  duplicate  quite  closely  the  conditions  of  operation  in  an 
airplane  flying  at  high  altitude.  Records  have  been  kept  of  a  large  number  of  spark  plugs 
used  in  the  engines  which  were  being  subjected  to  various  tests  in  this  chamber  and  the  different 
spark  plug  troubles  which  occurred  were  noted.  It  is  believed  that  the  conditions  of  operation 
at  any  given  altitude  in  this  test  chamber  are  entirely  comparable  with  those  in  actual  flight, 
but  in  studying  the  data  it  must  be  remembered  that  the  proportion  of  the  time  at  which  the 
engine  was  operated  at  various  altitudes  may  be  somewhat  different  from  that  occurring  in 
actual  service  in  the  field. 

Laboratory  tests  have  been  made  on  a  wide  variety  of  plugs  which  are  shown  in  the  accom- 
panying photographs.  A  description  of  the  methods  used  in  these  laboratory  tests  will  be 
found  in  Part  III  of  this  report.  The  purpose  of  these  tests  was  to  measure  certain  properties 
(gas  tightness,  mechanical  strength,  etc.)  of  the  spark  plugs  of  each  type  and  to  form  a  basis 
by  which  the  relation  between  these  various  properties  and  the  service  performance  could  be 
correlated. 

ResTilts  have  also  been  secured  of  some  extensive  studies  made  in  France  at  various  flying 
fields  of  the  American  Expeditionary  Forces  on  the  performance  of  various  French  spark  plugs 
in  a  number  of  French  aviation  engines.  This  work  was  under  the  supervision  of  Lieut.  L.  B. 
Loeb,  who  had  previously  been  a  member  of  the  ignition  staff  of  the  Bureau  of  Standards  and 
who  was  intimately  familiar  with  the  laboratory  tests  there  conducted,  and  the  data  which  he 
has  supplied  can  be  directly  compared  with  data  obtained  in  this  laboratory. 

In  addition  to  these  three  principal  sources,  numerous  conferences  have  been  held  with 
aviation  officers  and  engine  builders,  as  well  as  with  spark  plug  manufacturers. 

CONDITIONS  OF  OPERATION. 

The  usual  type  of  .  ignition  system  used  with  gasoline  engines  consists  essentially  of  an 
induction  coil,  the  primary  current  of  which  may  be  provided  either  from  a  battery  or  by  the 
motion  of  the  coil  itself  in  the  field  of  a  permanent  magnet,  as  is  the  case  in  the  high-tension 
magneto.  In  either  case,  the  essential  features  of  the  operation  of  this  type  of  device  are, 
first,  that  with  its  secondary  circuit  open  the  voltage  of  the  coil  will  build  up  to  a  certain  definite 
limit,  approximately  10,000  to  20,000  volts;  and,  second,  if  the  secondary  is  closed,  either 
through  a  shunting  resistance  or  through  a  spark  gap  which  is  broken  down  and  is  permitting 
the  passage  of  a  current  of  electricity,  then  the  maximum  current  delivered  by  the  secondary 
of  the  coil  is  limited  to  a  value  of  from  0.05  to  0.10  ampere.  In  many  cases  the  maximum 
voltage  of  the  system  is  limited  by  a  safety  gap  to  a  value  somewhat  less  than  the  inherent 
limit  referred  to  above,  which  is  fixed  by  the  inductance  and  capacity  of  the  circuit  and  the 
current  at  "break." 

The  voltage  required  to  produce  a  spark  in  the  cylinder  of  a  high-compression  aviation 
engine  is  approximately  6,000  volts.  (For  a  discussion  of  the  effect  of  the  pressure  and  tempera- 
ture of  the  gas  on  this  voltage,  see  Report  No.  54.)    Consequently,  when  the  spark  plug  is 
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clean,  there  is  a  considerable  factor  of  safety.  If  the  plug  is  shunted  by  even  a  very  high 
resistance,  the  maximum  voltage  reached  is  materially  reduced  and  with  a  lower  value  of 
resistance  than  about  100,000  ohms,  the  voltage  may  be  insufficient  to  produoe  a  spark.  The 
magnitude  of  the  effect  of  a  shunting  resistance  may  be  estimated  from  the  relation  that  the 
voltage  across  the  plug  previous  to  the  passage  of  the  spark  is  equal  to  the  product  of  the 
shunting  resistance  by  the  current  flowing  through  it.  Thus,  for  example,  if  the  secondary 
current  of  the  coil  is  limited  to  0.08  ampere  and  the  shunting  resistance  is  50,000  ohms,  the 
maximum  voltage  available  is  only  4,000  volts  and  no  spark  will  occur.  The  requirements  of 
the  spark  plugs  are,  therefore,  to  maintain  a  gap  the  sparking  voltage  of  which  does  not  greatly 
exceed  6,000  volts,  and  to  maintain  an  insulation  resistance  across  this  gap  which  is  considerably 
greater  than  100,000  ohms.  The  plug  must  also  be  gas  tight  under  the  conditions  of  pressure 
and  temperature  existing  in  the  engine. 

While  much  remains  to  be  learned  as  to  the  conditions  existing  in  modern  aviation  engines, 
the  pressures  and  temperatures  met  with  are  roughly  as  follows:  The  pressure  on  the  plug 
alternates  between  a  slight  suction  during  the  intake  stroke  and  a  pressure  of  500  to  600 
pounds  per  square  inch  during  the  expansion  stroke.  There  is  a  considerable  vibration  of  the 
engine  as  a  whole,  which  is  at  times  sufficient  to  crack  porcelain  insulators.  In  rotary  engines 
the  centrifugal  force  acting  on  any  part  situated  near  the  periphery  may  exceed  500  times 
the  weight  of  that  part.  The  incoming  charge  of  gas  mixture  during  the  intake  stroke  may 
be  several  degrees  below  zero  in  cold  weather  or  at  high  altitudes,  while  the  flame  of  compressed 
and  burning  gas  which  surrounds  the  plug  during  the  expansion  stroke  may  reach  a  temperature 
of  2,500°  C.  These  alternations  of  pressure  and  temperature  occur  with  a  frequency  of  about 
15  cycles  per  second,  and  the  fluctuations  in  temperature  can  not  penetrate  to  any  appreciable 
depth  in  the  insulating  material  of  the  plug.  The  resultant  effect  is  that  the  inner  end  of  the 
insulator  and  central  electrode  reach  an  average  temperature  of  approximately  900°  C;  the 
body  of  the  insulator  well  up  in  the  shell  seldom  exceeds  200°  C;  and  the  shell  itself  is  in 
contact  with  a  jacket  containing  water  at  70°  C.  (Report  No.  52  gives  some  data  on  tempera- 
tures observed  in  spark  plugs  with  brass  and  steel  shells  when  operating  in  aviation  engines.) 

The  various  manners  in  which  a  spark  plug  may  fail  to  operate  under  the  conditions  just 
described  may  be  enumerated  as  follows : 

(1)  Fouling  with  carbon  deposit  causing  short  circuit. 

(2)  Fouling  with  oil  deposit  causing  open  circuit. 

(3)  Breaking  of  the  insulator. 

(4)  Preignition. 

(5)  Conduction  through  the  insulator. 

(6)  Electrical  puncture  of  the  insulator. 

(7)  Minor  trouble,  such  as  warping  and  breaking  of  electrodes,  etc. 

DISCUSSION  OF  TROUBLES. 

These  classes  of  failure  will  be  discussed  in  detail  in  the  following  paragraphs: 
(1)  Fouling  by  carbon  deposits. — This  trouble  is  due  to  the  deposit  of  a  layer  of  carbon 
upon  the  surface  of  the  insulator  or  to  the  formation  of  a  cake  of  carbon  immediately  between 
the  electrode  surfaces.  This  carbon  is  due  to  two  causes:  (a)  The  chilling  of  the  flame  by  a 
cool  portion  of  the  plug,  which  thus  renders  combustion  incomplete.  This  effect  is  particularly 
common  when  the  mixture  of  gasoline  and  air  is  too  rich  in  gasoline  and  is  consequently  of 
frequent  occurrence  in  operation  at  high  altitudes  in  cases  where  the  carburetor  is  not  properly 
compensated  for  the  decrease  in  density  of  the  atmosphere  at  those  altitudes,  (b)  The  second 
cause  for  carbon  deposit  is  from  the  decomposition  of  lubricating  oil  which  may  be  splashed 
or  sprayed  on  heated  portions  of  the  insulator.  The  lubricating  oil  itself  is  an' electrical 
insulator,  and  when  it  wets  a  layer  of  soot  on  the  spark  plug  it  tends,  by  surrounding  each 
particle  of  carbon,  to  make  the  entire  mass  an  insulator.  Gradually,  however,  such  a  deposit 
chars  under  the  action  of  the  flame  and  becomes  more  and  more  conducting. 
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In  this  process  the  oil  acts  as  a  binding  material  for  the  soot  and  also  increases  the  rate 
of  deposition,  because  particles  of  carbon  in  the  flame  may  adhere  to  the  oily  surface  instead 
of  remaining  in  suspension  in  the  flame  and  burning  later  in  the  stroke.  The  conduction 
through  the  deposit  thus  formed  seems  to  take  place  along  a  narrow  path  where  the  oil  film 
between  the  particles  has  been  broken  down  by  the  electric  stress  rather  than  as  a  uniform 
conduction  over  the  whole  surface  of  the  insulator. 

This  trouble  seems  to  be  the  most  frequent  source  of  failure  of  spark  plugs.  Records 
kept  in  the  altitude  laboratory  show  over  50  per  cent  of  the  spark  plug  troubles  to  be  due  to 
this  cause. 

The  reports  from  France  also  corroborate  this  statement.  As  would  be  expected,  the 
trouble  is  more  serious  at  high  altitudes  than  at  low,  and  seems  to  occur  more  readily  with 
mica  than  with  porcelain  plugs.  This  is  probably  due  to  the  somewhat  rough  surface  of  the 
mica,  which  causes  the  carbon  to  adhere  more  readily. 

While  the  engine  is  in  operation,  such  fouling  causes  misfiring  of  the  cylinders,  or,  in  case 
there  are  two  plugs  in  one  cylinder,  one  of  which  remains  clean,  there  is  merely  a  slight  loss  in 
engine  power.  On  removing  the  plugs  from  the  cylinder  a  heavy  deposit  of  carbon  is  at  once 
evident.  It  should  be  noted  that  spark  plugs  may  appear  very  black  and  heavily  sooted  and 
3ret  show  a  high  resistance,  owing  to  the  fact  that  the  carbon  particles  arc  not  in  direct  contact 
hut  may  be  insulated  with  a  film  of  oil.  After  long  use  porcelain  insulators  frequently  take  on 
a  film  of  reddish-brown  color,  which,  however,  docs  not  tend  to  short  circuit  the  plug  and  which 
must  be  distinguished  from  fouling  with  carbon. 

The  possible  remedies  for  this  type  of  failure  lie  (a)  in  improving  the  design  of  the  plug 
(b)  in  improving  the  carburetor  system,  and  (c)  in  modifying  the  ignition  system. 

(a)  The  insulator  of  the  spark  plug  may  be  so  shaped  by  the  use  of  petticoats,  ridges,  or  a 
long  conical  projection  that  a  portion  of  this  surface  operates  at  a  very  high  temperature. 
With  this  arrangement  all  carbon  deposit  is  burned  off  during  the  early  part  of  the  combustion 
of  the  charge,  while  the  gas  in  the  cylinder  still  contains  an  excess  of  oxygen.  This  type  of 
construction  is  particularly  useful  in  engines  which  are  well  cooled,  but  in  engines  which  are 
very  hot  and  of  high  compression  normally,  this  construction  may  tend  to  cause  preignition. 
An  alternative  method  of  design  is  shielding  the  insulator  with  a  metal  baflie  plate,  which  pre- 
vents the  access  of  oil  and  its  resulting  carbonization.  This  is  useful  in  engines  in  which  a  large 
amount  of  oil  is  used,  or  in  which  the  plug  is  so  located  as  to  be  particularly  exposed  to  a  spray 
of  oil.  With  this  construction,  however,  there  is  usually  little  opportunity  for  a  carbon  deposit 
to  be  burned  off,  and  if  such  a  plug  happens  to  become  fouled  at  light  load  or  high  altitude,  it 
will  not  come  back  into  service  at  full  load  or  low  altitude. 

(b)  It  is  probable  that  the  development  of  new  types  of  carburetors  which  is  now  in  progress 
will  greatly  reduce  the  occurrence  of  excessively  rich  mixtures  in  planes  flying  at  great  altitudes 
and  will  thus  tend  to  reduce  this  source  of  trouble. 

(c)  Certain  special  types  of  ignition  systems  have  been  devised  which  are  particularly 
suited  for  firing  plugs  which  are  shunted  with  a  fairly  low  resistance.  The  usual  arrangements 
of  such  systems  is  to  connect  an  auxiliary  spark  gap  in  series  with  the  spark  plug.  (A  discus- 
sion of  the  use  of  such  systems  will  be  found  in  Report  No.  57.)  With  devices  of  this  type, 
it  has  been  found  possible  to  produce  regular  firing  in  an  engine  in  which  the  plugs  were 
deliberately  fouled  so  as  to  have  an  insulation  resistance  of  only  5,000  ohms. 

(2)  Fouling  with  oil. — This  trouble  occurs  in  cases  where  the  lubricating  oil  forms  a  coat- 
ing over  the  surface  of  the  electrodes  or  forms  an  actual  drop  between  the  electrode  points. 
Since  the  breakdown  strength  of  oil  is  several  times  that  of  air,  the  voltage  required  to  produce 
a  spark  under  these  conditions  is  very  greatly  increased  and  may  exceed  the  voltage  which  the 
ignition  system  is  capable  of  delivering.  If  the  insulation  of  the  spark  plug  is  at  the  same  tims 
somewhat  reduced  by  the  presence  of  soot,  the  maximum  voltage  which  the  sjstem  will  give 
correspondingly  reduced. 

This  trouble  usually  occurs  when  there  is  an  excessive  amount  of  lubricating  oil  in  the 
cylinder  and  this  condition  arises  most  frequently  on  starting  an  engine  when  it  has  been  turned 
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over  several  times  with  no  flame  in  the  cylinder  which  might  serve  to  burn  off  the  film  of  oil. 
The  condition  is  also  met  with  when  the  plane  is  recovering  from  a  long  glide,  during  which 
the  engine  was  turning  over  slowly  and  pumping  oil  into  the  cylinders.  This  trouble  is  par- 
ticularly annoying  to  mechanics  in  charge  of  aviation  engines,  since  it  occurs  at  starting  when 
they  are  working  on  the  engine,  and  it  frequently  gives  a  bad  reputation  to  an  otherwise  good 
plug.  It  is  rather  rare,  however,  that  the  trouble  arises  in  an  engine  after  it  has  once  been 
started.  The  trouble  may  sometimes  be  identified  by  the  firing  of  the  magneto  through  its 
safety  gap,  thus  indicating  that  the  voltage  required  to  pass  a  spark  at  the  plug  is  greater 
than  that  required  to  break  down  the  safety  gap.  On  removing  the  plugs  from  the  engine 
when  failure  has  occurred  from  this  cause  they  will  be  found  wet  with  fairly  clean  oil. 

The  remedies  for  this  trouble  are  found  in  modifying  the  design  of  the  electrodes.  A 
number  of  shapes  have  been  used  as  shown  in  the  photographs,  which  serve  to  drain  the  oil 
away  from  the  spark  gap  by  capillary  forces.  Experience  with  various  French  plugs  has  indi- 
cated that  this  trouble  occurs  most  frequently  in  plugs  in  which  one  electrode  consists  of  the 
wall  of  the  spark  plug  shell  as  in  the  Ponsot,  Joli,  and  Rudex  plugs. 

The  trouble  is,  of  course,  reduced  by  avoiding  excessive  amounts  of  lubricating  oil  in  the 
cylinders  and  by  occasionally  opening  the  throttle  of  the  engine  while  making  long  glides  and 
thus  burning  out  the  accumulated  oil  before  the  amount  has  become  excessive.  This  pro- 
cedure, is  common  practice.  Certain  types  of  high  frequency  ignition  systems  have  been  devised 
which  are  capable  of  giving  a  much  greater  voltage  than  the  ordinary  types  of  system,  and 
with  these  the  trouble  from  oil  fouling  would  probably  be  much  reduced.  None  of  these 
systems  is  at  present  in  common  use  so  that  no  field  experience  is  available. 

(3)  Cracking  of  insulator. — Any  crack  in  the  body  of  the  insulating  material  may  permit 
the  passage  of  the  spark  from  the  central  electrode  to  the  shell  in  such  a  location  that  it  does 
not  cause  ignition  of  the  explosive  gas  mixture.  The  thickness  of  the  insulating  wall  in  many 
plugs  is  so  great  that  a  spark  will  not  pass  directly  through  a  clean  crack  in  the  insulator  and 
the  engine  may  run  for  some  time  even  when  the  plug  is  badly  cracked.  In  time,  however, 
the  cracks  in  the  interior  of  the  plug  become  filled  with  carbon  from  the  flame  and  will  finally 
conduct  sufficient  current  to  prevent  sparking  at  the  electrodes.  Of  course,  any  broken  pieces 
of  porcelain  which  may  be  cracked  from  the  insulator  are  very  detrimental  to  the  engine. 

The  factors  which  may  cause  cracking  arc  several.  The  mean  temperature  gradient  from 
the  hot  inner  end  of  the  insulator  to  the  relatively  cold  shell  causes  the  hotter  portions  of  the 
insulator  to  expand  to  a  greater  extent  than  the  cooler,  and  sets  up  stresses  in  the  insulator 
itself  which  may  cause  cracking.  Such  cracks  are  particularly  likely  to  originate  where  there 
is  a  sudden  change  in  diameter  of  the  insulator,  as  at  the  shoulder.  Also  if  the  metal  parts  are 
so  placed  that  their  greater  expansion  tends  to  produce  pressure  on  the  relatively  less  expansible 
insulator,  cracks  may  occur  as  a  result.  It  is  probable  that  in  some  cases  actual  drops  of  rela- 
tively cool  lubricating  oil  may  strike  the  hot  parts  of  the  insulator  and  by  suddenly  chilling 
them  cause  cracks.  There  seems  to  be  good  evidence  that  in  some  engines  the  mechanical 
vibration  of  the  engine  as  a  whole  is  sufficient!}-  rapid  and  intense  to  break  the  porcelain  from 
purely  mechanical  causes.  Such  breakage  often  occurs  in  the  outer  part  of  the  porcelain  at  the 
plane  of  the  bushing  or  crimping.  An  impact  testing  machine  has  been  constructed  at  the 
Bureau  of  Standards  in  which  the  spark  plug  under  test  is  screwed  firmly  into  the  side  of  a 
steel  block  which  is  arranged  to  strike  repeatedly  against  a  steel  anvil.  The  velocity  of  Un- 
block and  plug  at  the  instant  of  impact  is  about  200  cm.  per  second  and  the  blows  occur  at  the 
rate  of  300  per  minute.  (For  details  of  this  machine,  see  Part  III.)  Certain  types  of  plugs 
which  gave  trouble  from  cracking  in  service,  also  cracked  when  tested  in  this  impact  machine, 
the  location  and  character  of  the  crack,  though  different  for  the  different  types  of  plug,  being 
the  same  in  both  the  engine  and  laboratory  tests  for  a  given  type.  Since  no  heat  was  applied 
in  the  laboratory  tests,  it  seems  probable  that  the  mechanical  shock  was  the  main  cause  of 
cracking  in  these  cases. 

There  is  also  a  considerable  breakage  of  plugs  due  to  accidently  striking  them  with  a  wrench 
or  other  tool  when  inserting  them  in  the  engine. 
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In  the  Bureau  of  Standards'  laboratory  approximately  40  per  cent  of  the  failures  which 
occurred  with  porcelain  plugs  were  due  to  cracking  of  the  insulator.  The  reports  from  France 
indicate  that  considerable  trouble  has  been  experienced  from  this  cause,  and  that  as  a  result 
mica  plugs  are  much  more  popular,  and  only  a  relatively  small  proportion  of  porcelain  plugs 
are  now  used  in  that  country.  A  plug  which  has  failed  in  this  manner  usually  shows  continuous 
misfirings,  although  in  the  case  of  a  small  crack  the  missing  may  be  irregular.  On  removal  of 
the  spark  plug,  the  crack  may  often  be  located  by  the  grating  sound  heard  when  the  plug  is 
strained  by  the  fingers,  in  cases  where  no  crack  is  visible  at  the  surface. 

Mica  plugs  are,  of  course,  practically  free  from  this  source  of  trouble  and  the  most  obvious 
remedy  with  porcelain  plugs  is  to  use  a  material  which  shall  combine  at  the  same  time  a  high 
mechanical  strength,  a  low  modulus  of  elasticitjr,  a  low  coefficient  of  thermal  expansion,  and  a 
high  thermal  conductivity.  During  the  past  two  years  very  considerable  progress  has  been 
made  by  a  number  of  porcelain  manufacturers  in  developing  insulating  materials  which  are 
superior  in  these  respects  to  those  formerly  used.  (Report  No.  53,  Part  III,  contains  a  descrip- 
tion of  a  development  of  one  of  these  types  which  was  carried  out  at'the  ceramic  laboratory  of 
the  Bureau  of  Standards.) 

Certain  plug  designers  have  endeavored  to  avoid  trouble  from  this  source  by  making  their 
insulator  in  two  or  more  pieces  as  is  done  in  the  Pognon  and  Duffy  spark  plugs.  Tn  these  plugs 
the  innermost  porcelain  attains  a  relatively  high  temperature  and  expands  correspondingly 
while  the  outer  pieces  are  cooler  and  expand  only  slightly.  The  passage  of  a  spark  between  the 
central  electrode  and  the  shell  through  the  joint  between  the  porcelain  sections  is  prevented  by 
a  wrapping  of  mica  around  the  interior  of  the  shell  and  around  the  electrode,  respectively.  It 
is,  however,  very  difficult  to  make  plugs  of  this  type  gas  tight. 

In  plugs  in  which  the  central  electrode  is  cemented  in  the  porcelain  throughout  the  greater 
part  of  its  length,  it  is  essential  that  the  diameter  of  the  electrode  be  kept  small  in  order  that 
the  total  amount  of  its  thermal  expansion  may  be  taken  care  of  by  a  yielding  of  the  cement 
without  setting  up  excessive  strain  in  the  inclosing  porcelain.  Closed-end  plugs  serve  to  reduce 
the  trouble  from  the  spraying  of  drops  of  cold  oil  upon  the  hot  insulator,  and  the  resulting 
splitting  off  of  bits  of  porcelain.  They  also  tend  to  prevent  any  broken  pieces  of  porcelain  from 
getting  into  the  engine  cylinder. 

Breaking  of  the  insulator  by  the  mechanical  vibration  of  the  engine  seems  to  be  materially 
reduced  if  the  insulator  is  cushioned  by  a  considerable  thickness  of  packing  material,  such  as 
asbestos,  placed  between  the  shoulder  of  the  insulator  and  the  bushing.  The  plugs  in  which  the 
edge  of  the  shell  is  crimped  over  the  shoulder  of  the  insulator,  commonly  called  the  one-piece 
type,  have  given  considerable  trouble  from  cracking  of  the  porcelain  at  the  edge  of  the  shell. 
This  effect  seems  to  be  due  in  part  to  the  rigid  connection  between  the  shell  and  the  porcelain, 
which  transmits  the  mechanical  shock  of  the  engine  without  any  cushioning,  and  in  part  to 
stresses  set  up  in  the  porcelain  by  the  shrinking  of  the  metallic  shell  after  it  has  been  heated 
during  the  process  of  crimping.  These  troubles  can  be  materially  reduced  b}*  proper  design  of 
the  tool  used  in  making  the  joint.  Variations  in  the  proportions  of  the  plug  make  a  decided 
difference  in  its  resistance  to  breaking  from  mechanical  shocks.  Two  extreme  types  of  design 
are  illustrated  in  plugs  74  and  76.  Though  these  were  both  of  the  same  material,  the  long  and 
slender  porcelain  gave  decidedly  more  trouble  from  this  cause. 

4.  Preignition. — This  trouble,  when  chargeable  to  the  spark  plugs,  is  the  result  of  too  high 
temperatures  occurring  at  some  part  of  the  plug,  either  the  tip  of  the  insulator  or  end  of  the 
electrode,  or  other  small  projection,  resulting  in  ignition  of  the  charge  in  the  cylinder  before  the 
end  of  the  compression  stroke.  Preignition  may  occur  from  several  causes  not  connected  with 
the  spark  plugs,  as  for  instance,  from  overheated  portions  of  the  combustion  chamber,  such  as 
hot  exhaust  valves,  from  hot  points  or  flakes  of  carbon  or  other  material  lodged  in  the  cylinder 
and  heated  by  compression  of  the  charge  adiabatically  to  a  temperature  where  ignition  occurs 
spontaneously.  There  is  probably  a  definite  relation  between  the  maximum  compression 
pressure  and  the  tendency  to  preignitcfrom  hot  points, since  the  higher  the  compression  the  more 
readily  is  the  charge  ignited. 
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TYPES  OF  SPARK  PLUGS  SI'  HM1TTED  FOR  TEST. 
[Foreign  plugs  are  of  French  manufacture  unless  otherwise  stated.] 


L,  R  u  i  net . 

2,  Oleo  (brass). 

3,  Oleo  (steel). 

4,  Frigo. 

5,  Lodge  (British), 
ti,  l'ola. 

7,  Conill. 

s,  ().  L.  M.  (Italian). 

9.  Henault. 

10,  Aris. 


29,  Sharp  (Ponsot  type). 

30,  Sharp  (Kopper  King). 

31,  Sharp  (Goliath). 

32,  Sharp  (motorcycle). 

33,  Sharp  (closed  end). 

34,  Hen  (Steatite), 
3.j,  Hon:  (Ponsot). 
38,  Hera  (Steatite). 
37,  Stewart  (V-ray). 
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11,  L'As. 
12, 1,'As. 

13,  Kole. 

14,  Kole. 

15,  Bndez. 

Hi,  Uildex. 

17,  licnoist. 

18,  l.eda. 

19,  Eyquem. 

20,  R.e  V. 

AMERICAN  PLUGS. 

38,  Anderson  (hollow  core). 

39,  Anderson  (ring  insert). 
4  0,  Anderson  (closed  end). 

41,  Anderson  (hollow  end). 

42,  Anderson  (ridged  end). 

43,  Anderson  (flush  end). 

44,  Anderson  (nipple). 

45,  Reflex  (Baby). 

46,  Auburn  (Wright). 


21,  R.e  V. 

22,  Serb. 

23,  Pognon. 

24,  Joly. 

25,  Fcrt  (Eyquem). 

26,  I).  A.  D. 

27,  Oleo  (Proc). 
A.C.  F.  (Italian). 


28, 


47,  Mosler  (I.e  Rhone). 
48k  Mosler. 

49,  Mosler  (spitfire). 

50,  Mosler  (Vesuvius). 

51,  Mosler  (Vesuvius). 

52,  Red  Head  (Big  Boy). 

53,  Red  Head. 

54,  Hosch  (American). 

55,  Bosch  (German). 


X    *  I 


liittitvt 

56  57         58       ^  60  61         62  63  64 

A    6  A    t-     *     #     fi  fi 

www 

65         66        67         68         69  70  71  72  73 


74  75 


76  77         78         79  80  81  62 


100  101  102  103 


105  106  107 


56,  Bethlehem  (do  luxe). 

57,  Bethlehem  (Ponsot). 

58,  Bethlehem  (aviation). 
5!(,  Bethlehem  (Hugatti). 

60,  " 

61,  " 
82,  " 

113,  Dully  (air  line). 

64,  Duffy  (3-piece). 

65,  Champion  (small). 

66,  Champion  (aviation). 

67,  Champion  (Liberty). 

68,  Champion  (X). 
89,  Champion. 

70,  Titan. 

71,  Titan. 

72,  Titan. 
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73,  Titan. 

'4,  Rajah  (long  porce). 

5,  Kajah  (closed  end). 

%,  Uaiah  (open end). 

'7,  Rajah  (short  porce). 

.8,  Splitdorf  (mica  top). 

9,  Splitdorf  (Le  Rhone). 
SO,  Splitdorf  [Le  Rhone). 
81,  Splitdorf  (open  end). 
S2,  Splitdorf  (1'onsot). 

83,  Afllnity. 

84,  Sullivan. 

85,  Siebert. 

86,  St.  Louis  (Valve). 

87,  Benford  (Golden  giant). 

89,  Minogue. 

90,  Corning. 


Ill,  Benton. 

92,  Hercules. 

93,  Hercules. 

94,  WaUlen-Worcestcr. 

95,  Randall. 
98,  Pittsfield. 

97,  Kxpress. 

98,  Campbell. 

99,  National. 

100,  Johns  Manville. 

101,  Latch. 

102,  Reliance. 

103,  Anchor. 

104,  Liberty. 

105,  Comet. 

106,  Berkshire  (Pore). 

107,  Berkshire  (Mica). 
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The  importance  of  this  cause  of  trouble  seems  to  have  been  somewhat  overestimated.  J I 
has  been  observed  only  in  rare  cases  in  the  engines  tested  at  the  Bureau  of  Standards,  and  re- 
ports from  France  show  it  to  be  of  minor  importance.  In  cases  where  the  spark  plugs  are 
leaky  and  are  consequently  unduly  heated  by  the  passage  of  gas  through  them,  temperatures 
which  will  cause  preignition,  however,  may  often  be  attained.  The  danger  of  preignition, 
moreover,  limits  the  extent  to  which  the  design  of  spark  plugs  can  be  modified  in  the  direction 
of  maintaining  high  temperatures,  and  prevents  the  use  of  otherwise  desirable  designs  which 
would  operate  at  such  high  temperatures  as  to  insure  the  burning  off  of  the  deposits  of  carbon. 

Definite  identification  of  this  source  of  trouble  is  quite  difficult  without  the  use  of  an  engine 
indicator,  but  mechanics  familiar  with  the  running  of  the  engine  can  often  judge  by  the  noise 
and  vibration  when  preignition  is  occurring.  In  some  cases  ignition  from  overheated  plugs 
may  occur  before  the  inlet  valve  has  closed.  This  results  in  the  familiar  "popping  back"  in 
the  carburetor  and  may  constitute  a  serious  fire  hazard  on  a  plane.  A  careful  distinction  should 
be  made  between  true  preignition,  and  what  may  be  called  •'  nflerfiring."  This  latter  phe- 
nomenon consists  in  the  continued  operation  of  the  engine  after  the  ignition  system  has  been 
cut  off,  as  a  result  of  the  ignition  of  the  charge  from  heated  surfaces  within  the  cylinder.  Igni- 
tion from  such  surfaces  is  slow  and  has  the  effect  of  a  greatly  retarded  spark.  The  combustion 
in  such  cases  is  relatively  late,  does  not  yield  much  power,  and  can  maintain  only  a  very  slow 
engine  speed.  The  pressures  obtained  by  this  effect  probably  occur  so  late  in  the  stroke  as  not 
to  interfere  with  the  normal  operation  of  the  engine  when  the  electric  ignition  is  also  functioning. 

Remedies  for  preignition,  as  far  as  the  spark  plugs  arc  concerned,  are  obviously  to  keep 
the  insulator  as  cool  as  possible  by  making  it  short  and  compact.  Long  central  electrodes 
should  be  avoided,  and  also  constructions  which  tend  to  permit  the  formation  of  Hakes  of  mica, 
which,  owing  to  their  low  heat  conductivity,  will  maintain  their  high  temperature  throughout 
the  intake  stroke.  The  use  of  a  copper  rod  for  the  central  electrode  should  be  effective  in  this 
respect,  but  introduces  difficulties  from  expansion  and  oxidation.  Other  extreme  designs 
intended  to  eliminate  preignition  troubles  have  used  a  hollow  central  electrode  containing  a 
small  quantity  of  mercury  which,  being  vaporized  at  the  inner  end  and  condensing  at  the  outer, 
greatly  increases  the  effective  heat  conductivity  of  the  electrode.  Other  designs  of  plugs  have 
used  check  valves  which  allow  cool  air  from  without  to  be  sucked  past  the  insulator  during  the 
intake  stroke,  but  which  prevent  leakage  of  gas  outward  during  the  remainder  of  the  cycle. 
This  latter  design,  however,  has  not  proved  practical.  There  seems  to  be  good  evidence  that 
the  exhaust  valves  operate  at  nearly  as  high  temperatures  as  the  spark  plugs,  and  they  are 
probably  equally  effective  in  producing  preignition  where  this  trouble  exists. 

(5)  Conduction  through  insulator. — It  has  frequently  been  stated  that  cases  of  spark-plug 
failures  in  very  hot  engines  may  be  attributed  to  the  fact  that  at  high  temperatures  the  insulat- 
ing materials  used  in  the  plug  become  to  some  extent  conductors  of  electricity  and  reduce  the 
insulation  resistance  below  the -critical  value  of  about  100,000  ohms.  Report  No.  53,  Parts  I 
and  II,  describe  a  series  of  measurements  of  this  property  for  various  materials  and  indicate 
that  there  is  a  very  considerable  variation  between  different  materials  in  this  respect.  As  a 
result  of  an  exhaustive  study  of  the  subject,  however,  it  appears  that  only  in  extremely  hot 
engines  and  in  cases  where  the  ignition  system  is  unusually  feeble  is  failure  of  ignition  likely 
to  occur  from  this  cause.  The  early  reports  which  were  received  concerning  this  cause  of 
failure  have  not  been  confirmed  by  later  information  from  Franco,  and  it  appears  that  the 
importance  of  this  cause  of  failure  has  been  exaggerated.  The  remedies  for  this  trouble  are,  of 
course,  the  use  of  material  of  high  resistivity,  such  as  fused  quartz,  mica,  or  some  of  the  por- 
celains recently  developed  by  the  bureau  and  by  certain  manufacturers.  An  alternative  remedy 
is  to  use  an  auxiliary  spark  gap  in  series  with  the  spark  plug,  as  in  cases  of  carbon  fouling. 

(6)  Electrical  puncture  of  the  insulator. — The  possibility  of  a  direct  puncture  of  the  material 
by  the  igniting  voltage  is  of  much  interest,  though  difficult  to  study  quantitatively.  In  con- 
sidering this  matter  the  two  very  different  methods  of  possible  electrical  failure  of  an  insulating 
material  must  be  carefully  distinguished,  as  much  confusion  has  arisen  from  failure  to  do  this. 
The  first  of  these  is  usually  called  "dielectric  breakdown."    This  is  exemplified  by  the  behavior 
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of  a  siunple  of  porcelain  tested  cold  by  applying  a  known  voltage  and  gradually  raising  this 
until  at  about  8,000  volts  per  millimeter  a  spark  passes  through  the  porcelain.  The  voltage 
thus  observed  is  called  the  breakdown  voltage  of  the  material  and  has  a  fairly  definite  value. 
Under  these  conditions  the  leakage  current  through  the  sample,  even  just  before  the  breakdown 
occurs,  is  very  small,  and  the  sample  is  therefore  not  heated  and  changed  in  its  properties 
appreciably  by  the  application  of  the  test  voltage. 

The  second  t\pe  of  failure  may  be  called  "conductive  breakdown,"  and  is  exemplified  by 
the  behavior  of  a  porcelain  sample  tested  when  hot,  say,  at  500°  G.  At  this  temperature  the 
resistance  of  a  centimeter  cube  of  ordinary  porcelain  is  about  100,000  ohms,  and  if  a  voltage 
of  only  500  volts  per  millimeter  (i.  e.,  only  one-twentieth  of  that  in  the  preceding  case)  is  applied 
the  current  (lowing  will  be  50  milliampcres,  and  the  power  dissipated  in  the  sample  will  be  250 
watts.  This  would,  of  course,  raise  the  temperature  of  the  sample  very  rapidly  (at  the  rate  of 
about  100°  C.  per  second),  and  the  resistance  would  consequently  drop  still  lower  and  tho 
material  would  be  fused  and  destroyed  in  a  very  short  time.  It  can  be  shown  that  although 
there  is  a  fairly  definite  value  of  voltage  and  temperature  at  which  samples  tested  under  identical 
conditions  fail  in  this  manner,  yet  these  values  depend  very  greatly  on  the  conditions  of  the 
experiment,  such  as  the  rate  of  application  of  the  voltage,  the  ease  with  which  the  samples  can 
lose  heat  to  the  surroundings,  etc.,  and  that  it  is  impossible  to  assign  an}-  definite  breakdown 
voltage  to  the  material  when  tested  in  this  manner.  It  is  evident  that  the  two  t3-pes  of  failure 
depend  on  entirely  different  properties  of  the  material,  and  so  far  as  is  known  there  is  no  con- 
nection between  the  two. 

When  a  porcelain  is  used  in  a  spark  plug  it  is  subjected  to  rather  peculiar  electrical  con- 
ditions. At  the  instant  the  contact  breaker  opens  the  voltage  increases  with  extreme  rapidity 
to  a  value  of  6,000  volts.  This,  however,  lasts  only  a  few  hundred-thousandths  of  a  second. 
The  spark  gap  then  breaks  down  and  the  voltage  drops  to  a  few  hundred  volts  and  remains  at 
that  value  several  thousandths  of  a  second.  It  then  drops  to  zero  and  remains  so  for  something 
like  a  fifteenth  of  a  second  when  the  cycle  is  repeated.  The  total  power  output  of  the  ordinary 
ignition  system  is  limited  to  a  few  watts,  so  it  seems  improbable  that  the  second  or  conductive 
type  of  breakdown  occurs  in  practice.  The  maximum  voltage  in  operation  is  less  than  one- 
fifth  of  the  dielectric  breakdown  strength  of  the  porcelain  when  cold.  It  is,  however,  possible; 
that  this  dielectric  strength  is  greatly  diminished  at  high  temperatures  and  that  consequently 
plugs  may  fail  from  this  cause.  If  the  insulator  was  punctured  by  the  peak  voltage,  the  rest 
of  the  discharge  would  be  concentrated  at  the  small  region  of  failure  and  might  well  be  sufficient 
to  produce  fused  spots  in  the  material. 

Owing  to  the  rather  remote  possibility  of  this  type  of  failure  and  the  experimental  difficulty 
of  producing  in  the  laboratory  dielectric  breakdown  without  conductive  breakdown,  no  meas- 
urements have  been  made  of  the  dielectric  breakdown  strength  of  insulators  when  hot. 

(7)  Minor  troubles. — In  addition  to  tho  principal  causes  of  failure  discussed  above,  trouble 
is  occasionally  experienced  from  warping  of  the  electrodes.  This  either  short  circuits  the  gap 
or  increases  it  to  such  an  extent  that  tho  breakdown  voltage  required  is  more  than  the  ignition 
system  can  furnish.  This  trouble  can  be  remedied  by  supporting  the  central  electrode  to  within 
a  short  distance  of  the  spark  gap,  but  many  plugs  are  on  the  market  in  which  a  great  length  of 
Unsupported  wire  is  used. 

With  prolonged  use  the  surfaces  of  the  electrodes  gradually  corrode  awajr  as  a  result  of 
oxidation  between  the  crystal  grains. 

With  the  alloj-  usually  used  (Ni  07  per  cent,  Mn  3  per  cent)  this  corrosion  is  very  slow 
and  the  life  of  the  plug  is  almost  invariably  limited  by  one  of  the  other  types  of  failure.  It  is 
stated,  however,  that  slight  impurities  in  the  electrode  wire  greatly  accelerate  the  rate  of  cor- 
rosion. If  the  construction  of  the  plug  is  such  that  the  material  is  subjected  to  a  mechanical 
tension,  the  intercrystalline  cracks  are  pulled  apart  and  the  deterioration  is  much  more  rapid. 
Tungsten  has  been  suggested  as  an  electrode  material  and  would  appear  to  be  well  suited  because 
of  its  high  melting  point,  low  coefficient  of  expansion,  and  high  heat  conductivity.  Preliminary 
tests  at  this  bureau  in  which  sparking  was  produced  for  a  long  period  between  tungsten  elec- 
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trodes  in  an  atmosphere  of  CO,  showed  very  little  corrosion.  The  extreme  hardness  and  rigidity 
of  the  metal,  however,  makes  it  difficult  to  handle  in  manufacture,  and  its  adoption  for  com- 
mercial use  is  probably  apt  warranted. 

In  some  cases  a  chemical  corrosion  of  the  electrode  which  ultimately  causes  the  tip  to  drop 
ofT  has  been  produced  by  a  reaction  between  the  material  of  the  cement  and  the  metal  of  the 
electrode  at  the  high  temperatures  of  operation.  This  matter  has  been  discussed  in  Report 
No.  53,  Part  IV,  and  can  be  remedied  by  the  use  of  suitable  cements. 

There  seems  to  be  some  evidence  that  witli  very  rich  mixtures  a  deposit  of  carbon  may  be 
built  out  on  the  electrode  surfaces  themselves  to  such  an  extent  as  to  short  circuit  the  gap. 
The  heat  energy  of  the  spark  itself  is,  however,  usually  sufficient  to  burn  away  such  deposits. 

Electrical  brush  discharge  over  the  hot  surface  of  the  insulator  is  occasionally  suggested 
as  an  explanation  of  spark-plug  trouble.  Asludyof  this  effect  made  in  the  laboratory,  while  not 
entirely  conclusive,  seems  to  indicate  that  it  is  not  an  important  factor.  Experiments  at  at- 
mospheric, pressure  and  high  temperature  show  that  a  brush  discharge  which  forms  a  delicate 
purple  glow  over  the  surface  of  the  insulator  is  produced  when  sufficiently  high  voltage  from 
an  ignition  system  is  applied  to  a  spark-plug  insulator.  The  voltage  required,  however,  is 
more  than  enough  to  cause  a  spark  to  jump  from  the  central  electrode  to  the  shell.  Experi- 
ments at  higher  pressures  (see  Report  No.  54)  and  at  temperatures  up  to  760°  C.  showed  no 
trace  of  brush  discharge  in  a  plug  having  a  gap  width  of  2.2  mm.,  although  the  pressure  was 
raised  to  such  a  value  as  to  require  a  sparking  voltage  of  about  14,000  volts.  The  data  at  hand 
indicate  that  the  increase  in  pressure  in  the  engine  cylinder  is  as  effective  in  preventing  the 
brush  as  it  is  tho  spark  discharge.  Consequently  the  former  might  develop  only  in  case  there 
were  a  layer  of  gas  near  the  insulator  which  was  decidedly  hotter  and  less  dense  than  the  gas 
in  the  spark  gap.  Such  a  condition  is  very  improbable  in  view  of  the  turbulent  motion  of  the 
cylinder  contents. 

GAS  LEAKAGE. 

Leakage  of  gas  through  the  spark  plug  is  never  in  practice  sufficiently  great  to  interfere 
with  the  operation  of  the  engine  directly.  It  does,  however,  tend  to  heat  the  spark  plug  very 
rapidly  and  causes  one  or  another  of  the  various  types  of  failure  discussed  above.  Part  II  of 
this  report  gives  the  results  of  experiments  on  the  gas  tightness  ol  a  variety  of  spark  plugs,  and 
describes  the  methods  of  test  which  have  been  found  useful.  The  general  conclusions  reached 
as  a  result  of  this  work  are  that  tightness  is  much  more  a  matter  of  workmanship  than  of  design 
and  that  a  wide  variation  is  to  be  expected  in  the  tightness  of  plugs  made  to  the  same  design 
and  even  by  the  same  manufacturer. 

NOTES  ON  PLUG  DESIGN. 

It  will  be  noted  from  the  preceding  discussion  that  the,  remedy  suggested  for  one  cause  of 
failure  is  very  often  directly  opposite  to  that  suggested  for  another,  and  the  proper  design  of  a 
spark  plug  becomes  a  matter  of  balancing  the  conllicting  requirements.  The  conditions  in 
various  types  of  engines  vary  quito  widely,  some  having  much  higher  operating  temperatures 
than  others  and  some  having  much  greater  amount  of  lubricating  oil  present  in  the  combustion 
space  than  others.  The  type  of  spark  plug  which  is  suitable  for  one  class  of  engine  may  fail 
to  operate  another. 

The  following  general  statements,  however,  seem  to  be  justified  by  the  information  avail- 
able. As  to  the  material  of  the  insulator,  mica  has  the  great  advantage  that  it  will  not  crack 
as  a  result  of  temperature  gradient  or  other  reason.  Porcelain,  however,  is  definitely  superior 
in  resisting  the  formation  of  deposits  of  carbon  and  is  also  much  less  expensive  to  manufacture. 
It  may  be  said  in  general  that  the  mica  plug  has  to  be  of  very  good  grade  and  workmanship  to 
compete  with  a  good  porcelain  plug,  but  is  definitely  superior  to  a  plug  with  a  poor  grade  of 
porcelain. 

Assuming  equally  good  workmanship,  the  method  of  making  the  joint  between  insulator 
and  shell  seems  to  have  little  effect  upon  the  gas  tightness  of  a  plug  except  in  certain  designs 
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where  the  insulator  is  molded  into  the  shell,  in  which  case  absolute  tightness  can  be  secured. 
The  process  of  crimping  the  shell  around  the  shoulder  of  the  porcelain  is  very  liable  to  set  up 
strains  and  cause  cracking  of  the  insulator,  but  has  the  advantage  of  cheapness  and  rapidity  of 
construction. 

The  shape  and  arrangement  of  the  electrodes  seem  to  have  but  little  effect  upon  the  opera- 
tion of  the  plug,  with  the  notable  exception  that  plugs  in  which  the  side  wall  of  the  shell  forms  one 
electrode  are  definitely  more  liable  to  foul  with  oil  and  make  starting  difficult.  The  breakdown 
voltage  of  the  spark  gap  depends  to  some  extent  upon  the  shape  of  the  electrode  tips,  but  such 
variation  in  breakdown  voltage  is  comparatively  slight  and  can  be  compensated  for  by  a  very 
slight  difference  in  the  length  of  the  spark  gap.  The  use  of  rather  fine  wires  as  electrodes  tends 
to  ease  in  starting  as  any  oil  film  is  readily  burnt  off,  but  is  liable  to  cause  prcignition  in  hot 
engines.  The  use  of  a  central  electrode  consisting  of  a  disk  or  similar  shape  seems  to  have  little 
advantage  as  far  as  the  spark  gap  is  concerned,  for  while  it  slightly  reduces  t ho  likelihood  that 
all  possible  sparking  points  may  be  fouled  with  oil  simultaneously,  the  danger  of  short  circuit- 
ing at  least  one  of  the  many  possible  sparking  points  with  carbon  is  correspondingly  increased. 
The  merits  which  this  type  of  electrode  may  have  lie  in  the  protection  which  it  may  afford 
to  the  insulating  material  back  of  it. 

Improvements  to  be  expected  in  the  construction  of  spark  plugs  seem  to  be  along  the  lines 
of  better  porcelain  bodies  which  are  less  likely  to  crack  and  the  construction  of  a  molded  or 
fused  insulator  which  will  insure  absolute  gas  tightness.  There  seems  to  be  also  a  very  consider- 
able field  for  improvement  in  ignition  systems  so  that  they  will  be  able  to  fire  a  spark  plug  even 
when  it  does  not  maintain  the  high  insulation  resistance  which  is  required  by  the  systems  now 
in  use.  There  is  a  great  need  of  definite  and  accurate  statistical  data  as  to  the  performance  of 
spark  plugs  of  different  types  in  various  engines  under  service  conditions,  as  it  is  only  on  the 
basis  of  such  data  that  the  real  worth  of  any  design  can  be  determined,  and  it  is  only  by  the 
compilation  of  much  larger  amounts  of  such  data  than  are  now  at  hand  that  more  definite 
conclusions  as  to  the  proper  type  of  design  can  be  based. 
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PART  n. 

GAS  LEAKAGE  IN  SPARK  PLUGS. 

By  L.  B.  Loeb,  L.  G.  Sawyer,  and  E.  L.  Eonseca. 

RESUME. 

This  report  describes  the  method  used  at  the  Bureau  of  Standards  for  measuring  the  gas 
tightness  of  aviation  spark  plugs,  and  gives  the  results  of  numerous  measurements  by  this  method 
The  plugs  to  be  tested  are  screwed  into  a  pressure  bomb  and  subjected  to  an  air  pressure  of 
225  pounds  per  square  inch  while  submerged  in  oil  heated  to  a  temperature  of  150°  C.  (302° 
F.).  The  leakage  of  air  is  then  measured  by  the  displacement  of  oil  in  an  inverted  bell  jar 
placed  over  the  plugs.  Tables  and  curves  contained  in  the  report  give  the  results  of  measure- 
ments taken  on  a  wide  variety  of  plugs  under  the  above  conditions,  as  well  as  data  obtained 
with  other  values  of  pressure  and  temperature. 

The  data  obtained  are  listed  in  Table  I,  and  bavo  boon  analyzed  to  bring  out  any  relation 
which  might  exist  between  the  gas  tightness  and  the  type  of  construction.  For  this  purpose 
the  types  of  construction  were  grouped  into  five  classes,  and  the  average  leakage  computed  for 
each.  Table  II  shows  that  there  is  comparatively  little  difference  between  the  various  classes 
and  hence  indicates  that  gas  tightness  is  much  more  dependent  upon  workmanship  than  upon 
design.    This  is  borne  out  by  many  tests. 

Successive  measurements  on  a  single  plug  fail  to  repeat,  which  is  due  to  permanent  deforma- 
tion of  the  shell,  gaskets,  etc.  Also  a  wide  variation  is  found  among  supposedly  similar  plugs 
from  a  single  maker. 

INTRODUCTION. 

During  the  past  year  the  Bureau  of  Standards  has  had  occasion  to  test  for  gas  tightness 
several  hundred  spark  plugs  of  a  wide  variety  of  designs,  both  American  and  foreign.  It  is  the 
object  of  this  report  to  summarize  the  results  of  these  tests,  to  record  whatever  conclusions  can 
bo  drawn  from  the  data  thus  obtained,  and  to  describo  in  some  detail  the  methods  of  test  now 
used  at  the  bureau. 

The  leakage  of  gas  through  a  spark  plug  is  negligible  so  far  as  the  loss  of  pressure  in  the 
engine  cylinder  is  concerned,  but  is  of  the  greatest  importance,  as  regards  the  operation  of  the 
plug.  A  very  slight  leakage  of  the  hot  gases  carries  heat  up  into  the  body  of  the  plug,  rapidly 
raising  its  temperature,  and  thus  causing  one  or  another  of  a  number  of  different  types  of  failure 
which  ultimately  destroy  the  plug.  Some  practical  engineers  consider  the  gas  tightness  of  a 
spark  plug  its  sole  important  property. 

The  ordinary  spark  plug  consists  of  three  distinct  parts,  viz:  The  central  electrode,  the 
shell  or  outer  electrode,  and  the  insulating  material,  which  is  usually  porcelain,  mica,  or  <;lass 
There  are  thus  in  general  two  joints  which  must  bo  made  tight,  though  in  some  instances  manu- 
facturers have  constructed  both  the  central  electrode  and  the  insulator  in  two  or  more  pioces. 

METHODS  OF  TEST. 

Various  methods  of  test  are  now  in  use  for  factory  inspection  and  forjudging  the  relative 
merits  of  different  types  of  spark  plugs.    For  the  former  purpose  many  manufacturers  test  the 
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plugs  while  cold  mid  with  a  pressure,  not  over  100  pounds  per  square  inch.  In  the  case  of  spark 
plugs  for  special  aviation  work,  all  plugs  arc  discarded  which  show  any  lcakago  on  this  test. 
Tests  for  determining  the  merits  of  different  types  are  in  general  more  severe. 

Foreign  military  and  aviation  committees  specify  several  different  tests  for  gas  leakage, 
two  examples  of  which  are  as  follows: 

(1)  The  plug  is  tested  for  Leakage  through  it,  under  cold  oil,  at  an  air  pressure  of  10  kilo- 
grams per  square  centimeter  (142.1  pounds  per  square  inch)  for  15  minutes. 

(2)  Oil  is  pumped  into  a  cylinder,  into  which  the  plugs  are  screwed,  at  a  pressure  of  30 
kilograms  per  square  centimeter  (426.3  pounds  per  square  inch),  this  pressure  being  main- 
tained for  5  minutes.  A  pressure  of  100  kilograms  per  square  centimeter  (1,421  pounds  per 
square  inch)  is  reported  to  have  been  reached  in  the  case  of  one  plug,  but  a  plug  is  dis- 
carded if  it  leaks  at  the  low  pressure  of  5  kilograms  per  square  centimeter  (71.05  pounds  per 
square  inch),  the  results  at  the  higher  pressures  being  of  relative  value  only. 

While  on  an  engine  in  operation  plugs  are  sometimes  tested  for  gas  tightness  by  spraying 
oil  over  them;  but  this  test  is  not  reliable,  as  the  oil  is  likely  to  boil  when  it  comes  in  contact 
with  the  hot  plug,  producing  bubbles,  thus  making  it  difficult  to  tell  whether  it  is  heat  or  leakage 
that  causes  the  bubbles. 

The  method  used  by  the  Bureau  of  Standards  for  determining  gas  leakage  may  be  described 
as  follows:  The  plugs  to  be  tested  are  screwed  into  a  pressure  bomb,  which  is  then  filled  with 
compressed  air,  while  submerged  in  a  bath  of  oil  heated  to  any  desired  temperature.  The 
leakage  of  air  through  the  ping  is  measured  by  the  displacement  of  oil  in  an  inverted  bell  jar 
placed  over  the  ping.  Standard  conditions  for  testing  the  relative  merits  of  different  types  of 
plugs  are  15  kilograms  per  square  centimeter  (225  pounds  per  square  inch)  air  pressure  and 
150°  C.  (302°  F.)  temperature. 

The  apparatus  used  is  shown  in  figure  1,  and  consists  of  a  pressure  bomb,  an  oil  tank,  two 
pressure  tanks  with  pressure  gauge,  a  graduated  bell  jar,  and  an  aspirator.  The  pressure  bomb 
is  made  from  a  piece  of  hexagonal  steel  with  holes  drilled  and  tapped  to  accommodate  six  spark 
plugs,  as  well  as  the  pressure  connection  of  one-eighth  inch  copper  tubing.  The  bomb  is  sus- 
pended from  both  ends  by  iron  straps,  which  are  made  fast  to  two  upright  standards  securely 
fastened  to  the  floor.  The  oil  tank  is  of  sufficient  depth  to  completely  submerge  the  bomb  and 
plugs  when  the  tank  is  raised.  It  is  balanced  by  a  weight  attached  to  cords  running  over  small 
sheave  wheels,  so  as  to  slide  up  and  down  easily  between  the  uprights  which  support  the  bomb. 
The  tank  contains  a  1,000-watt  heating  coil. 

Compressed  air  is  obtained  from  a  tank  having  a  capacity  of  150  cubic  feet  at  an  initial 
pressure  of  1 ,500  pounds  per  square  inch.  Another  smaller  tank  is  used  as  a  low-pressure 
reservoir,  in  order  to  maintain  a  steady  pressure  while  making  a  measurement.  The  gauge 
used  is  an  ordinary  commercial  pressure  gauge  reading  to  500  pounds. 

The  graduated  bell  jar  is  made  of  Pyrex  glass,  and  is  about  2  inches  in  diameter  and  7  inches 
long.  The  lower  end  of  the  jar  has  an  opening  equal  to  its  full  diameter,  while  the  other  end, 
drawn  down  to  a  diameter  of  approximately  one-fourth  inch,  is  closed  by  a  rubber  hose  leading  to 
the  aspirator,  as  shown  in  figure  1.  The  jar  is  graduated  at  intervals,  and  the  volume  between 
successive  marks  is  accurately  known.  In  order  to  fill  the  bell  jar  the  oil  may  be  sucked  up 
to  the  proper  level  by  the  mouth,  but  it  is  much  more  convenient  to  use  a  water  aspirator,' as 
shown  in  the  drawing.  This  consists  of  an  upright  piece  of  iron  pipe,  closed  at  both  ends, 
except  for  a  small  pipe  connection  at  the  top  and  bottom.  The  pipe  at  the  bottom  is  so  con- 
nected by  valves  to  both  the  water  supply  and  the  sewer  that  the  standpipe  can  be  emptied 
or  lilled  at  will  by  the  manipulation  of  these  valves.  The  pipe  at  the  top  is  connected  to  the  bell 
jar  by  a  rubber  hose  and  water  bottle,  the  purpose  of  the  latter  being  to  pick  up  any  oil  which 
might  pass  the  bell  jar. 

In  carrying  out  a  measurement  the  plugs  arc  screwed  tightly  into  the  bomb,  against  lead 
gaskets,  instead  of  the  usual  copper-asbestos  ones.  The  oil  tank  is  then  raised,  submerging 
the  bomb  and  plugs,  and  the  oil  drawn  to  the  desired  height  in  the  bell  jar,  after  which  the 
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jar  is  scaled  by  a  pinch  cock  on  the  rubber  hose  between  the  jar  and  the  aspirator.  When  the 
pressure  is  applied,  as  the  air  leaks  through  the  plug,  t  lie  oil  level  in  the  bell  jar  gradually  falls, 
and  the  time  required  for  the  level  to  travel  between  any  two  graduations  is  observed  with  a 
stop  watch.    The  leakage  in  cubic  centimeters  per  second  can  he  readily  determined  from  this 
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time  interval  and  the  calibration  of  the  jar.  A  leakage  greater  than  0.2  cubic  centimeter 
(0.01  cubic  inch)  per  second  at  a  pressure  of  15  kilograms  per  square  centimeter  (225  pounds 
per  square  inch)  and  at  a  temperature  of  150°  C.  (302°  F.)  should  be  considered  excessive  for 
aviation  work. 
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EFFECT  OF  PRESSURE. 

Using  the  apparatus  above  described,  tests  were  made  on  six  different  types  of  plugs  to 
ascertain  the  relation,  if  any,  between  leakage  and  pressure.  As  shown  by  plots  2  to  7,  inclu- 
sive, the  leakage  increases  much  more  rapidly  than  the  pressure,  but  owing  to  the  fact  that  in 
nearly  every  case  the  leakage  failed  to  repeat  on  successive  trials,  no  definite  relation  between 
the  variables  can  be  deduced.  Since  the  amount  of  gas  flowing  through  very  small  openings, 
such  as  are  here  considered,  and  of  fixed  area,  varies  only  as  the  first  power  of  the  pressure,  it 
is  evident  that  the  apertures  in  a  spark  plug  must  be  opened  up  very  markedly  by  the  pressure 
applied  in  making  these  measurements. 
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ANDERSON  (27)  FUSED  /N  ;  GLASS 
A.C.r.  (7)  TAPER  FIT;  MICA. 

BABY  REFLEX  (3)  SCREW  BUSH/NG  ;  PORCELAIN. 

BAHEL/TE  (6)  MOULDED ,  BA/XEL/TE . 

BARNES  &  HA  WHINS  CI)  SCREW  BUSHING  /  PORCELAIN. 

3 A  rSDORFER  AFF/N/  TY(6)  SCREW  BUSHING  )PORC. 

BEN  TON  (6)  SCREW  BUSHING;  PORCELA  IN. 

BERKSHIRE  (6  )  SCREW  BUSHING;  PORCELAIN. 

BERKSHIRE  (  S)  SCREW  BUSHING ,'  MICA  . 

BE  THL  EH  EM  (12)  SCRE  W  BUSHING ,'  MICA  . 

BETHLEHEM (2USCREW BUSHING;  PORCELAIN. 

BOSCH (6)  CRIMPED;  STEATITE. 

BUCATTI  (f)SCREW  BUSHING;  PORCELAIN. 

COMET  (S)  SCREW  BUSHING     MICA  . 

CHAMPION  ( 23)  CRIMPED;  PORCELAIN. 

CON  ILL  (3)  TAPER  FIT;  MICA 

DUFFY  AIR  L/NE  (S )  SPUN  GLAND;  PORCELAIN. 

DUFFY  QUART2  (12)  SPUN  GLAND i  QUARTZ  Be  MICA 

DUFFY  EXPRESS  (-4)  SPUN  GLANO;  PORCELAIN. 

pert  c iB)  screw  bushing;  PORCELAIN. 

Gnome  (6)  screw  bushing  ;  m/ca. 

hercul  es  (3)  scre  w  b ushing  )  porcel  a  in. 

hercul  es  c c.  a*.  ha  rding)  (6)  scre  w  bushing. 

herz  bougie  ( 20)  taper  fit ; steatite . 

johns  •  many/l  l  e  (3 j  scre  w  bushing  /  porcela  in. 

uol  y  (g)  crimped  ;  porcela  in. 

leda  (3)  screw  bushing  ,'  porcelain. 

lodge c 27)  screw  bush/ng /  m/ca. 

mosler  (3)  screw  bushing  /  mica . 

mosl  er  vesu  vi  us  (7)  scre  w  3  ushing  ;  mica  . 

mosler  ci  i)  screw  bushing;  porcelain. 

oleo  c 12)  screw  bushing;  mica. 

o.l.m.(g)  crimped  ;  mica  . 

p/ttsf/eld  ci)  screw  bushing;  mica  . 

rognonc6)  screw  bushing  ;  porcela  insr  m/ca . 

rola  (6)  scre  w  bush/ng  m/-ca  . 

randall  (3)  screw  bush/ng;  porcela/n. 

rajah  (10)  screw  bushing;  porcelain. 

rajah  pasha  c/2)  screw  bush/ng / porcela/n. 

rajah  frenchtownc4)  screw  bush/ngj  porc. 

red  head  c2  )scre  w  bush/ng  v/  tr/s  tone . 

renault cs)  screw  bushing)  mica  . 

re'y      (9)  scre  w  bushing  ;  porcela/n. 

S/EBER T  ( I )  moulded;  QUARTZ  &  CONDENS/TE  ■ 
SPLITDORF(39)  SCREW  BUSH/NG    MICA  . 
STEWART  V  RAY(6)SCREW  BUSHING;  PORCELAIN. 
SULL/VAN  (G)  SCREW  BUSHING)  MICA. 
SHARP MOTOR  CYCLE  (6  )SCREW  BUSHING  ,'  M/CA  . 
SHARP  MICA  C6)  SCREW  BUSHING;  MICA  . 
SHA  RP  RON  JO  TC2)  TA  PER  F/  T  ,'  M/  CA  . 
TITAN  A.  C.  C33)  CRIMPED/  PORCELAIN. 


Plot  No  /0 


EFFECT  OF  TEMPERATURE. 

Tests  were  also  made  on  several  different  types  of  plugs  to  ascertain  the  effect  of  tempera- 
ture on  leakage.  As  shown  by  plots  8  and  9,  it  appears  that,  as  might  be  expected,  no  definite 
relation  exists  between  temperature  and  leakage,  and  on  successive  trials  the  leakage  fails  to 
repeat,  in  some  cases  changing  by  a  factor  of  10  or  more  between  two  tests.  It  will  be  noted 
that  one  plug  showed  a  definite  decrease  in  leakage  with  increase  in  temperature,  suggesting 
that  in  this  design  the  thermal  expansion  tends  to  close  the  apertures  rather  than  to  open  them. 
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RESULTS  OF  TESTS  ON  PLUGS. 

The  results  of  tests  to  determine  the  leakage  of  plugs  cover  such  a  wide  range  that  in  ex- 
pressing the  results  it  is  more  convenient  to  make  seven  classifications,  as  follows: 

Class  A,  leakage  helow  0.005  cc.  per  second. 

Class  A—,  leakage  0.005  to  0.01  cc.  per  second. 

Class  B  +  ,  leakage  0.01  to  0.10  cc.  per  second. 

Class  B,  leakage  0.10  to  0.50  cc.  per  second. 

Class  B  — ,  leakage  0.50  to  1.00  cc.  per  second. 

Class  C,  leakage  1.00  to  5.00  cc.  per  second. 

Class  D,  leakage  over  5.00  cc.  per  second. 
Table  I  and  plot  10  show  the  average  results  for  each  of  the  various  types  tested,  and  also 
the  number  of  plugs  of  each  type.  In  studying  these  results  one  should  hear  in  mind  the  varia- 
tion to  be  expected  in  successive  measurements  of  the  same  plug,  also  the  variation  among 
different  plugs  of  the  same  manufacturer  and  shipment.  This  is  illustrated  by  plot  11,  which 
was  plotted  by  dividing  the  100  per  cent  base  line  into  as  many  equal  parts  as  there  were  plugs 
in  each  set,  and  then  plotting  the  observed  gas  leakage  of  each  plug  as  the  ordinate  at  these 
equal  intervals,  choosing  the  plugs  in  the  order  of  increasing  leakage.  Consequently  the 
abscissa  corresponding  to  any  point  on  the  graph  indicates  the  percentage  of  plugs  having  less 
than  the  amount  of  leakage  indicated  by  the  ordinate  at  that  point. 

An  endeavor  was  made,  by  analyzing  the  data  contained  in  Table  I,  to  determine  whether 
there  was,  on  the  'whole,  any  relation  between  the  design  of  the  plug  and  its  gas  tightness. 
For  this  purpose  the  plugs  there  listed  were  grouped  into  five  classes,  as  follows:  (1)  screw 
bushing,  (2)  crimped,  (3)  taper  fit,  (4)  molded,  (5)  spun  gland. 

The  average  leakage  for  each  class  of  construction  was  computed  by  assigning  numerical 
values  for  various  grades  of  leakage,  as  follows:  D  equals  1 ,  C  equals  2,  B  —  equals  3,  B  equals  4, 
B+  equals  5,  A—  equals  6,  A  equals  7.  Each  grade  having  a  numerical  value,  the  summation 
of  these  values  was  then  divided  by  the  number  of  plugs  in  that  group. 
The  general  features  of  each  class  of  construction  are  outlined  below: 
In  the  screw  bushing  method  of  assembling,  illustrated  in  Fig.  13,  the  insulator  has  a 
shoulder,  one  side  of  which  is  seated  on  a  shoulder  in  the  shell,  while  a  bushing  is  screwed  down 
inside  the  shell  on  the  opposite  side.  In  order  to  make  this  joint  tight,  a  gasket,  either  of  brass, 
copper-asbestos,  or  some  other  soft,  heat-resisting  material  is  used.  Different  manufacturers  use 
various  shapes  for  the  surfaces  with  which  the  gaskets  come  into  contact,  some  placing  the  gasket 
against  the  upper  shoulder  and  others  against  the  lower  shoulder  of  t  he  insulator.  In  one  instance 
a  plug  was  found  with  a  copper  gasket  against  the  lower  surface  of  the  shoulder  and  a  slotted 
spring-steel  washer  between  the  upper  surface  of  the  shoulder  and  the  screw  bushing.  The  reason 
for  this  design  was  evidently  to  avoid  excessive  stresses  on  the  shoulder  of  the  insulator  while 
assembling,  and  possibly  to  mitigate  the  stresses  due  to  vibration  while  operating  on  the  engine. 
The  result  of  this  construction  was  that  the  cylinder  pressure  caused  the  spring  washer  to  be 
compressed,  moving  the  insulator  upward  from  the  gasket,  which  was  intended  to  insure  the 
tightness  of  the  plug.  Thus  the  gas  escaped  readily,  causing  a  very  leaky  plug.  From  a 
mechanical  standpoint,  had  the  positions  of  the  gasket  and  washer  been  interchanged,  so  that 
the  insulator  would  have  been  moved  against  the  gasket  instead  of  away  from  it,  when  under 
pressure,  the  plug  would  have  been  much  tighter.  Two  exceptional  cases  have  been  noted  in 
which  the  insulating  material  is  mica  and  the  screw  bushing  has  been  partially  embedded  in  the 
mica  by  great  pressure.  In  these  cases  no  gasket  is  used  between  the  insulator  and  the  bushing, 
nor  can  they  be  separated  without  injury  to  the  insulating  material. 

The  crimped  shell,  as  used  in  the  Champion,  Titan,  and  other  plugs,  is  illustrated  in  Fig.  15 
and  is  formed  by  forcing  the  top  edge  of  the  shell  over  a  gasket  of  some  soft  material,  as  brass, 
copper-asbestos,  or  aluminum  alloy,  which  rests  upon  the  upper  side  of  the  shoulder  of  the  insulator. 
These  plugs  give  fairly  good  joints,  but  have  never  shown  themselves  to  be  absolutely  tight, 
although  in  many  cases  the  leakage  was  very  small.  This  method  of  assembly  has  the  disadvantage 
that  the  plug  can  not  be  taken  apart  for  cleaning  without  destroying  it. 
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The  taper  Jit  used  by  several  manufacturers,  Fig.  14,  in  all  cases  that  have  come  to  the  attention 
of  this  bureau,  were  on  plugs  of  mica  or  steatite  insulation.  The  taper  fit  has  failed  in  all  cases 
but  one  to  give  a  perfectly  tight  joint,  this  being  due,  undoubtedly,  to  the  flaky  property  of  the 
mica,  which  makes  it  very  difficult  to  produce  a  smooth  and  hard  surface  that  will  stand  the 
pressure  exerted  upon  it  when  assembling  the  plug.  One  maker  has  overcome  this  difficulty 
by  placing  a  thin  steel  jacket  over  the  taper,  which  in  this  case  is  approximately  45°.  This 
steel  jacket  is  strong  enough  to  withstand  the  pressure  upon  it,  thus  protecting  the  mica 
insulation,  and  at  the  same  time  is  flexible  enough  to  conform  to  the  surface  of  the  taper 
within  the  shell  and  form  a  perfectly  tight  fit. 

The  molded-in  insulators,  illustrated  in  Fig.  12,  as  represented  by  the  Anderson  plug,  consist 
of  glass  which  has  been  forced  between  the  central  electrode  and  the  shell  while  in  the  molten 
state.  It  adheres  to  both  the  electrode  and  the  shell,  and  forms  an  absolutely  tight  plug.  Attempts 
have  been  made  to  use  the  molded  materials, such  asBakelite  andCondensite,  in  spark  plugs;  but, 
although  these  may  produce  a  tight  joint  when  cold,  the  samples  thus  far  submitted  have  not 
been  able  to  withstand  the  temperature  conditions  obtaining  in  actual  service. 

The  spun  gland,  which  is  used  upon  only  one  type  of  plug,  is  as  yet  in  the  experimental  stago. 
It  is  shown  in  Fig.  16.  This  plug  uses  a  porcelain  insulator,  the  shoulder  of  the  porcelain  being 
surrounded  by  a  spun  brass  gland  which  is  part  of  the  screw  bushing  and  projects  a  very  little 
below  the  shoulder  of  the  plug.  The  in  terior  of  the  shell  has  a  taper  of  45°,  which  comes  in  contact 
with  the  edge  of  the  gland.  "When  the  bushing  is  screwed  down  in  the  first  assembly  the  edge  of 
the  gland  is  crimped  about  the  shoulder  of  the  porcelain,  forcing  a  tight  joint.  This  plug  has 
the  advantage  of  being  easily  taken  apart  for  cleaning,  and  can  be  reassembled  to  give  as  tight 
a  joint  as  at  first  without  the  aid  of  special  wrenches.  When  the  plug  has  once  been  assembled 
and  the  gland  formed  the  insulator  and  bushing  can  not  be  separated  without  totally  destroy- 
ing the  gland. 

So  far  in  the  discussion  of  methods  of  assembly  nothing  has  been  said  in  regard  to  the 
numerous  ways  of  assembling  the  central  electrode  and  insulating  material,  which  vary  with 
different  manufacturers.  In  the  majority  of  cases  the  electrode  is  of  uniform  diameter  through- 
out the  entire  length  of  the  porcelain,  having  a  shoulder  on  the  inner  end  while  the  outer  end 
is  threaded  and  made  tight  by  screwing  a  nut  against  a  gasket  or  washer,  the  shoulder  and  washer 
both  bearing  on  the  insulator.  In  some  instances  both  the  electrode  and  insulator  are  threaded 
and  screwed  together,  and  a  cement  is  introduced  to  insure  a  tight  joint.  In  still  other  cases 
the  electrode  is  cemented  to  the  insulator,  there  being  no  other  means  of  fastening  these  two 
parts  together.    Other  manufacturers  fuse  or  mold  the  electrode  into  the  insulator. 

There  are  certain  objections  to  the  use  of  any  form  of  cement  between  the  electrode  and 
the  insulator,  the  mechanical  seal  first  described  appearing  to  be  the  most  satisfactory  method 
of  assembly.  This  matter  is  more  fully kJiscussed  in  Report  Xo.  53,  Part  IV,  entitled  "Cements 
for  Spark  Plug  Electrodes." 

CONCLUSIONS. 

The  results  obtained  from  the  analysis  of  Table  I  are  listed  in  Table  II.  It  appears  from 
this  table  that  the  molded  insulator  is  definitely  superior  to  the  other  types  in  the  matter  of 
gas  tightness.  The  high  rating  of  the  spun  gland  type  is  somewhat  questionable,  since  all  the 
plugs  tested  were  constructed  especially  for  experimental  purposes  and  did  not  represent  a  typical 
output  on  a  production  basis.  The  close  agreement  of  the  other  classes,  combined  with  the  wide 
variations  shown  in  Table  I  between  different  makes  of  the  same  class,  show  quite  conclusively 
that  the  leakage  depends  much  more  upon  the  workmanship  than  upon  the  design. 

Table  III  gives  the  results  obtained  by  grouping  the  plugs  according  to  the  insulating 
material  used.  The  good  performance  of  glass  plugs  is  due  to  their  being  of  molded  construc- 
tion. The  difference  between  porcelain  and  mica  is  too  slight  to  be  given  much  weight;  but 
indicates  that  the  laminated  structure  of  the  mica  docs  not  seriously  decrease  its  gas  tightness. 
This  result  is  confirmed  by  a  second  set  of  averages,  including  only  high-grade  plugs  which 
are  actually  used  to  a  considerable  extent  on  aviation  engines.  The  porcelain  plugs  showed 
153215— S.  Doc.  166,  66-2  5 
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Grade  B  +  and  the  mica  plugs  Grade  B.  The  number  of  plugs  tested  of  the  other  materials  is 
insufficient  to  support  any  definite  conclusions. 

The  leakage  of  a  spark  plug  is  more  dependent  upon  workmanship  than  upon  design,  since 
tight  and  leaky  plugs  have  been  found  in  nearly  every  design  submitted  for  test. 

Table  I. 


Name  of  plug. 


Material. 


Anderson   Glass 

A.  C.  F   Mica. 

Baby  Reflex   Porcelain 

Bakelite  

Barnes  &  Hawkins  

Baysdorfcr  Affinity  

Benton  

Berkshire  

Do  

Bethlehem  

Do  

Bosch  

Bugattl  

Comet  

Champion  ." — 

Conill  

Dully  Air  l  ino  

Dully  Quartz  

DuffV  Express  

Fert  

Gnome  

Hercules  

Herz.  Bougie  

Johns-Man  villc  

Joly  


Bakelite  

Porcelain  

....do  

....do  

....do  

Mica  

....do  

Porcelain  

Steatite  

Porcelain  

Mica  

Porcelain  

Mica  

Porcelain  

Quartz  and  mica. 

Porcelain  

....do  

Mica  

Porcelain  

Steatite  

Porcelain  

....do  


Numlicr 
tested. 


Grade. 


A 

C 

C 

D 

B  + 

B  — 

C 

B 

C 

A- 

A- 

D 

C 

C 

B 

A 

B 

A 

B 

A— 

C 

D 

B 

B 

B  + 


Name  of  plug. 


Leda  

Lodgo  

Mosler  

Moslcr  Vesuvius. 

Mosler  

Oleo  

O.  L.  M. 


Material. 


Porcelain . 

Mica  

 do.... 

 do.... 

Porcelain . 

Mica  

.do.... 


Pittsfleld  I  do 

Pognon   Porcelain  and  mica — 

Pola   Mica  

Randall   Porcelain  

Rajah  i  do  

Rajah  Pasha  do  

Rajah  Frenchton  n  do  .-  

Red  Head  |  Vitristone  

Renault   Mica  

Re  V   Porcelain  

Slebert   Quartz  and  Condcnsite 

Splitdorf   Mica  

Stewart  V  Kay   Porcelain  

Sullivan   Mica  

Sharp  Motor  Cycle  do  

Sharp  Mica  do  

Sharp  Ponsot  do  

Titan  A.  C   Porcelain  


Number 
tested 


Table  II. 


Method. 

Plugs 
tested. 

Average 
grade. 

Method. 

Plugs 
tested. 

Average 
grade. 

Screw  bushing  

300 
27 
32 

B 
A 
B 

21 
79 
7 

A- 
B 

C 

Molded,  glass  

Crimped  

Taper  fit  

Molded  (organic  materials)  

A  verage = 4 .2,  or  G  radc  B . 
Table  III. 

Material. 

Number 

plugs 
tested. 

Average 
grade. 

Material. 

clumber 
plugs 
tested. 

Average 
grade. 

245 
109 
27 
6 

B 

B- 

A 

D 

12 
6 
1 

A 
B 

B+ 

Glass  

Quartz  alid  Condensito  

Average— 3.8,  or  Grade  B. 
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METHODS  FOR  TESTING  SPARK  PLUGS. 

By  H.  C.  Dickinson,  F.  B.  Silsbee,  and  P.  G.  Aonew. 


The  factors  which  affect  the  performance  of  spark  plugs  in  gasoline  engines  are  very  numer- 
ous, subject  to  erratic  variation,  and  differ  widely  with  the  type  of  engine.  Consequent]}' 
definite  conclusions  as  to  the  ultimate  value  of  a  given  type  of  plug  can  he  based  only  on  reliable 
statistical  data  on  the  performance  of  a  large  number  of  plugs.  An  engine  test  of  a  few  hours' 
duration  serves  to  develop  any  marked  weakness  in  a  spark  plug  and  is  the  most  valuable 
over  all  test.  Laboratory  tests  determine  quantitatively  certain  specific  properties  of  a  spark 
plug  rapidly  and  convenient!}',  and  have  three  chief  functions.  These  are  (1)  the  indication 
of  probable  weak  points  in  new  designs  of  plugs,  (2)  the  indication  of  progress  in  the  develop- 
ment of  improvements  or  the  elimination  of  faults  in  design  or  material,  and  (3)  a  check  on 
production  by  means  of  routine  tests.  The  tests  described  below  have  been  developed  at  the 
Bureau  of  Standards  for  these  purposes. 

The  first  test  is  for  the  electrical  conductivity  of  the  insulating  material  while  hot.  The 
specimen  to  be  tested  is  heated  in  an  electric  furnace  to  the  desired  temperature  and  the  resist- 
ance measured,  using  60-cycle  alternating  current  at  500  volts.  The  conductivity  of  this  class 
of  materials  is  found  to  vary  very  rapidly  with  the  temperature,  approximately  obeying  a  law 
of  compound  interest  with  an  increase  of  2  per  cent  per  degree  Centigrade.  The  quality  of  the 
material  is  therefore  very  conveniently  expressed  by  stating  the  temperature  (Te)  at  which 
it  has  an  arbitrarily  selected  resistivity.  This  value  has  been  selected  as  one  megohm  per 
centimeter  cube,  and  a  spark  plug  of  the  usual  construction,  made  of  material  of  this  resistivity, 
will  have  a  resistance  of  about  200,000  ohms.  This  is  slightly  on  the  safe  side  of  the  limit 
at  which  the  usual  forms  of  ignition  system  may  be  relied  upon  to  give  regular  firing  in  a  high 
compression  motor. 

The  following  table  gives  some  typical  results  obtained  by  this  method: 


c. 

b. 

Te. 

p500. 

11.8 

0.0065 

890 

340     X 10" 

11.2 

.0068 

790 

80 

12.1 

.0085 

720 

70 

Avorageautonobilo  porcelain  

11.5 

.0085 

650 

40 

10.2 

.0085 

490 

0.80 

The  resistance  of  the  insulating  material  to  thermal  cracking  is  tested  by  heating  the  speci- 
men to  300°  C.  and  then  quenching  it  in  water  at  room  temperature.  The  sample  is  then 
soaked  in  an  aniline  dye  which  renders  visible  any  cracks  which  may  be  present. 

The  assembled  plugs  are  tested  for  gas  tightness  with  compressed  air  at  a  pressure  of  225 
pounds  per  square  inch  while  the  plug  is  immersed  in  a  bath  of  oil  heated  to  150°  C.  This 
serves  to  duplicate  the  conditions  in  the  engine  which  may  cause  leaks  due  to  the  thermal 
expansion  of  the  various  .parts  of  the  plugs.  The  air  leaking  through  the  plug  is  collected  in 
a  glass  tube  and  measured. 
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The  resistance  of  the  plugs  to  breakage  by  mechanical  shock  is  tested  by  screwing  the 
assembled  plug  into  the  side  of  a  steel  block  which,  by  a  trip  hammer  arrangement,  is  struck 
repeatedly  against  a  hardened  steel  rail.  The  number  of  impacts  delivered  before  the  plug  is 
damaged  is  taken  as  a  measure  of  its  performance.  , 

The  cold  dielectric  strength  test  is  made  by  applying  60-cycle  voltage  from  a  transformer 
to  the  plug  insulator  while  it  is  immersed  in  a  vessel  of  oil.  The  voltage  ie  raised  gradually 
to  25,000  volts  and  any  puncture  of  the  material  is  considered  a  failure. 

The  engine  test  consists  in  running  the  plugs  in  a  high  compression  aviation  engine  at 
full  load  for  six  hours  and  at  light  load  for  one  hour,  and  noting  the  general  performance  of 
the  plugs. 

INTRODUCTION. 

The  methods  of  test  described  in  this  report  have  been  developed  at  the  Bureau  of  Stand- 
ards as  a  part  of  the  investigation  of  ignition  problems.  The  object  of  laboratory  tests  of  this 
nature  is  to  determine  certain  specific  properties  of  the  material  or  design  of  the  plug  under 
conveniently  controllable  conditions,  both  for  the  purpose  of  developing  improvements  in  cer- 
tain particular  properties  and  for  comparing  the  relative  merits  of  different  types  of  plug  in 
regard  to  these  properties,  thus  permitting  the  elimination  of  types  notably  inferior  in  any 
important  characteristic.  The  engine  test  serves  to  bring  out  any  other  source  of  weakness 
and  indicates  the  general  utility  of  the  plug.  It  should  be  emphasized  that  prolonged  running 
in  an  engine  of  the  type  in  which  the  plugs  are  to  be  used  is  the  only  ultimate  basis  for  judging 
the  merits  of  a  given  type. 

The  tests  employed  are  as  follows: 

1.  Test  for  electrical  conductivity  of  insulating  material. 

2.  Test  for  resistance  of  insulator  to  thermal  cracking. 

3.  Test  for  gas  tightness. 

4.  Test  for  resistance  to  mechanical  vibration. 

5.  Test  for  dielectric  strength. 

6.  Engine  test. 

These  tests  are  necessarily  in  continual  process  of  development,  ami  the  directions  given 
below  are  subject  to  frequent  revision. 

ELECTRICAL  CONDUCTIVITY. 

The  measurement  of  electrical  conductivity  is  made  either  on  spark  plug  insulators  or  on 
specially  designed  test  specimens.  In  either  case  the  sample  of  insulating  material  to  be  tested 
is  heated  in  an  electric  furnace  to  the  desired  temperature  and  60  cycle  alternating  current  at 
500  volts  is  then  impressed  upon  the  specimen  between  two  suitable  electrodes.  A  voltmeter 
connected  between  these  electrodes  and  an  ammeter  in  series  with  the  specimen  are  read  simul- 
taneously and  the  resistance  is  taken  as  the  quotient  of  effective  voltage  divided  by  effective 
current. 

Since  the  current  through  the  specimen  is  rather  small,  a  very  sensitive  milliammeter  is 
required  and  it  is  usually  found  convenient  to  use  for  this  purpose  a  dynamometer  wattmeter. 
The  fixed  coil  of  this  wattmeter  is  excited  by  a  known  current  from  the  same  source  of  supply 
as  the  test  current  through  the  specimen.  The  moving  coil  of  the  wattmeter  is  connected  in 
series  with  the  specimen.  Such  an  arrangement  provides  a  higher  sensitivity  than  can  be 
attained  with  commercial  milli ammeters,  and  is  also  convenient  because  of  the  great  range  of 
currents  which  can  be  measured  by  using  various  exciting  currents.  The  connections  used  in 
this  test  are  shown  in  figure  1. 

Measurements  made  by  this  method  on  the  same  sample  are  found  to  give  results  agreeing 
to  a  few  per  cent  when  different  voltages,  frequencies,  and  times  of  application  of  the  measuring 
current  are  used. 

For  the  accurate  measurements  of  the  conductivity  of  the  material,  a  cup  specimen,  similar 
to  the  American  Society  for  Testing  Materials'  standard  test  piece  No.  1,  should  be  used,  though 
it  is  not  essential  that  the  side  walls  of  the  cup  be  tapered.    Figure  2  gives  a  cross-section  of 
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this  type  of  specimen.    The  resistivity  of  the  material  can  he  computed  by  multiplying  the 

ird2 

desired  resistance  of  such  a  cup  by  the  factor  K  obtained  from  the  equation  K=-^r  where  d 

is  the  diameter  of  the  cup  and  t  the  thickness  of  the  bottom. 

This  test  cup  is  filled  to  a  depth  of  about  2  cm.  (0.8  inch)  with  melted  solder,  which  forms 
one  electrode,  and  is  in  turn  set  in  a  slightly  larger  shallow  steel  cup  containing  melted  solder, 
which  forms  the  other  electrode.  This  arrangement  insures  good  contact  between  the  electrodes 
and  the  porcelain.  To  avoid  cracking  the  cup,  it  is,  of  course,  necessary  to  insert  the  solder 
in  the  solid  form  and  melt  it  by  gradually  increasing  the  furnace  temperature.  Figure  3  shows 
the  arrangement  of  the  cup  specimen  in  the  furnace.  Two  thermocouples  protected  by  porcelain 
tubes  are  inserted  in  the  solder  in  the  test  specimen  and  in  a  hole  in  the  steel  cup  respectively. 
Measurements  of  resistivity  are  made  only  when  these  two  couples  indicate  substantially  the 
same  temperature. 

In  cases  where  cup  specimens  are  not  available,  actual  spark-plug  insulators  can  be  tested 
by  using  the  central  electrode  as  one  terminal  and  the  shell  of  the  spark  plug  as  the  other.  If 
the  insulator  is  removed  from  the  shell,  a  band  about  2  cm.  (0.8  inch)  wide  at  the  center  of  the 
length  of  the  insulator  is  coated  with  platinum  by  applying  a  layer  of  platinum  chloride  solution 
and  then  heating  this  to  reduce  the  chloride  and  leave  a  deposit  of  metallic  platinum.  This 
platinum  belt  is  then  used  as  the  outer  terminal.  The  specimen  is  inserted  in  an  electric  furnace, 
as  shown  in  figure  4,  the.  temperature  of  which  is  indicated  by  a  thermocouple  placed  in  contact 
with  the  shell  of  the  plug. 

Measurements  obtained  on  these  specimens  are  accurate  as  indicating  the  resistance  of 
the  specimen,  but  owing  to  the  irregular  shape  and  the  uncertainty  as  to  the  area  of  outer 
electrode  in  actual  contact  with  the  porcelain  they  are  not  suitable  for  accurately  measuring 
the  resistivity  of  the  material.  Assuming  the  usual  formula  for  current  flow  between  coaxial 
cylinders,  the  factor  A' by  which  the  resistance  must  be  multiplied  to  give  the  resistivity  of  the 
material  can  be  computed  by  the  equation 

2wL 
2=2.3log10| 

where  L  is  the  effective  axial  length  of  the  electrode,  and  d2  and  <7t  arc  the  diameters  of  the 
inner  and  outer  electrodes.  In  this  computation,  it  is  assumed  that  the  contact  is  made  over 
the  entire  surface  covered  by  the  shell  of  the  plug,  and  consequently  the  values  of  resistivity 
computed  on  this  basis  are  too  high  if  this  contact  is  imperfect.  It  should  also  be  noted  that 
the  path  for  surface  leakage  is  much  shorter  in  the  case  of  the  plug  specimen,  and  also  that  if 
the  glaze  is  of  poorer  material  than  the  body  of  the  plug,  conduction  through  this  glaze  will 
reduce  the  apparent  resistivity.  In  the  cup  specimen,  on  the  other  hand,  the  area  of  contact 
and  thickness  of  the  bottom  of  the  cup  are  definite  and  easily  measured.  It  is  found  that  in 
general  measurements  on  plug  samples  give  lower  resistivity  than  those  on  cups. 

The  change  of  resistivity  with  temperature  in  this  class  of  materials  is  so  rapid  that  it  is 
impracticable  to  plot  resistivity  against  temperature  directly,  as  a  scale  which  is  suitable  at  one 
end  of  the  temperature  range  becomes  extremely  crowded  at  the  other.  It  is  found,  however, 
that  by  plotting  the  logarithm  of  the  resistivity  against  the  temperature,  a  smooth  curve  slightly 
concave  upward  is  obtained.  The  curvaturo  of  this  plot  is  quite  small  and  the  data  can  be 
represented  w  ithin  the  range  of  temperature  used  with  sufficient  accuracy  by  a  straight  line  which 
more  nearly  fits  the  observed  points.  Plot  5  shows  a  typical  plot  of  data  obtained  on  a  cup 
sample. 

The  points  on  the  straight  line  give  the  relation 

Logu,  R  =  a  —  bt 

where  R  is  the  resistance  of  the  specimen  in  ohms  and  t  the  temperature  in  degrees  Centigrade, 
while  a  and  b  are  constants  of  the  curve.    Adding  log  K  to  both  sides  of  this  equation  we  obtain 

Log10  p  =  a  +logl0  K- bt  =  c-bt 
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where  p  is  the  resistivity  in  ohms  per  centimeter  cube  and  c  a  new  constant  of  the  material  which 
is  obtained  from  a  by  the  equation 

c  =  a  +log,„  K. 

The  constants  c  and  b  depend  upon  the  material  only  and  not  upon  the  shape  or  size  of  the 
particular  specimen,  and  from  a  knowledge  of  these  constants  p  can  be  computed  for  any  tem- 
perature by  the  above  equation.  Unfortunately  neither  c  nor  b  is  very  convenient  as  a  figure  of 
merit  for  the  material,  since  a  slight  error  in  either  will  greatly  affect  the  value  of  the  other. 
It  is,  therefore,  advantageous  to  compute  for  each  material  poOO  which  is  the  resistivity  of  the 
material  at  500°  C.  Another  very  convenient  figure  of  merit  is  the  temperature  at  which  the 
material  has  a  definite  resistivity  of  1  megohm  per  centimeter  cube.  This  can  be  computed 
by  the  equation 

Ie  r* 

This  value  is  given  in  the  reports  of  this  bureau  for  each  material  tested  and  is  the  most  satis- 
factory criterion  of  its  value  as  an  insulator  at  high  temperature. 

An  interpretation  of  the  fact  that  the  results  as  thus  plotted  give  a  straight  line  can  be 
obtained  by  considering  that  the  conductivity  increases  with  temperature  according  to  the  law 
of  compound  interest,  at  a  rate  of  about  2  per  cent  per  degree  Centigrade.  This  rate  is  equal 
to  2.3  X  b  for  each  material.  The  cumulative  effect  of  the  compounding  is  such  that  an  increase 
in  temperature  of  100°  corresponds  in  the  average  material  to  an  increase  of  the  conductivity 
by  600  per  cent. 

The  following  table  gives  some  typical  results  obtained  by  this  method: 
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Typical  mica  plug  

A  material  having  Te  less  than  400°  C.  should  not  be  used  unless  the  design  of  the  plug  is 
such  as  to  keep  the  insulator  well  cooled.  An  assembled  plug  having  less  than  0.5  megohm 
resistance  at  400°  C.  should  be  considered  unsatisfactory. 

RESISTANCE  TO  THERMAL  CRACKING. 

The  quenching  test  is  intended  to  indicate  the  ability  of  the  insulating  material  to  resist 
cracking  due  to  steep  temperature  gradients.  The  insulators  with  the  shell  and  central  electrode 
removed  are  brought  to  a  uniform  temperature  of  300°  C.  in  a  small  furnace  and  then  quenched 
in  water  at  room  temperature  and  examined  for  cracks  by  soaking  for  several  hours  in  an 
alcoholic  solution  of  the  dye  eosin.  The  specimen  is  then  broken  to  determine  the  depth  of 
the  cracks.  The  cracks  developed  by  this  test  seldom  extend  entirely  through  the  specimen  so 
that  an  electrical  test  is  not  as  satisfactory  for  indicating  them  as  is  the  use  of  the  penetrating 
stain.  Practically  all  insulators  will  show  some  cracks  when  quenched  from  300°  C.  but  the 
numher  and  depth  of  the  cracks  varies  very  greatly  among  different  specimens  and  the  test 
gives  a  qualitative  basis  for  the  comparison  of  different  materials. 

TEST  FOR  GAS  TIGHTNESS. 

Gas  tightness  is  determined  by  screwing  the  completed  plugs  into  a  steel  bomb  and  admit- 
ting air  at  a  pressure  of  225  pounds  per  square  inch  to  the  interior.  By  the  use  of  lead  washers 
in  place  of  the  usual  copper-asbestos  gaskets  a  tight  joint  can  be  secured  between  the  plug  and 
the  bomb.  The  entire  bomb  is  then  immersed  in  a  tank  of  oil  which  serves  to  show  the  leakage 
by  the  resulting  bubbles.  The  oil  is  heated  to  150°  C.  and  consequently  heats  the  plugs  and 
develops  leaks  which  may  arise  under  operating  conditions  due  to  the  differential  thermal 
expansion  of  different  parts  of  the  plug.    The  actual  amount  of  gas  leaking  out  is  measured 
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by  means  of  a  Pyrex  glass  tube  5  cm.  (2  incites)  in  diameter  at  one  end  and  1  cm.  (0.4  incb)  at 
the  other,  which  is  graduated  at  intervals  of  about  o  mm.  (0.2  inch).  The  large  end  is  slipped 
over  the  plug  and  the  oil  drawn  up  in  the  tube  above  the  highest  graduation  and  the  upper  end 
of  the  tube  then  closed.  As  air  leaks  through  the  plug  the  oil  level  falls  and  the  time  required 
for  it  to  fall  between  two  calibrated  marks  is  observed  with  a  stop  watch.  This  gives,  by 
division,  the  actual  leakage  in  cubic  centimeters  per  second  taking  place.  A  leakage  greater 
than  0.2  c.  c.  (0.01  cubic  inch)  per  second  should  be  considered  excessive.  The  apparatus  used 
is  indicated  in  ligure  6. 

RESISTANCE  TO  MECHANICAL  SHOCK. 

The  shock  test  is  intended  to  show  the  resistance  of  the  plug  to  mechanical  breakage  from 
the  shock  and  vibration  of  the  engine.  Completed  plugs  are  screwed  firmly  into  the  sides  of  a 
steel  block  6  by  6  by  9  cm.  (2.4  by  2.4  by  3.5  inches)  which  is  carried  on  the  end  of  an  arm  24  cm. 
(9.5  inches)  long  as  sketched  in  figure  7.  By  means  of  a  pair  of  cams  rovolving  at  about  300 
revolutions  per  minute,  this  block  is  raised  19.  mm.  (0.75  inch)  and  allowed  to  fall  upon  a 
hardened  steel  rail.  A  pair  of  tension  springs  assists  in  pulling  the  block  downward  and  give 
it  a  velocity  of  about  200  cm.  per  second  (6.7  feet  per  second)  at  the  instant  of  impact.  The 
total  number  of  blows  is  recorded  by  a  counting  mechanism  and  the  plug  is  inspected  at  frequent 
intervals.  The  number  of  impacts  delivered  before  the  plug  is  cracked  or  otherwise  mechanically 
damaged  is  taken  as  the  measure  of  its  performance.  A  good  plug  should  withstand  25,000 
blows  in  this  machine  without  failure. 

DIELECTRIC  STRENGTH. 

The  dielectric  strength  test  indicates  the  voltage  required  to  puncture  the  insulator  while 
cold  and  has  proved  useful  in  eliminating  poor  or  defective  insulators.  It  is  applied  to  insulators 
with  the  central  electrode  in  position  but  with  the  shell  removed.  One  secondary  terminal  of  a 
step-up  transformer  is  connected  to  the  central  electrode  and  the  other  terminal  to  a  metal 
band  approximately  10  mm.  (0.4  inch)  wide  wrapped  around  the  outside  of  the  insulator. 
The  whole  is  then  immersed  in  oil  at  room  temperature.  Alternating  voltage  of  commercial 
frequency  is  applied  to  the  primary  of  the  transformer  and  gradually  increased  until  an  effective 
voltage  of  25,000  is  reached.  The  insulation  should  withstand  this  voltage  for  two  minutes 
without  puncture.  In  short  insulators  a  spark  may  pass  over  the  surface  of  the  insulator 
through  the  oil  at  voltages  somewhat  below  25,000.  Such  flashovers  may  sometimes  be  avoided 
by  carefully  rinsing  the  surface  of  the  insulator  witli  gasoline,  and  in  any  event  should  not  be 
considered  as  a  failure. 

ENGINE  TEST. 

Spark  plugs  intended  for  use  in  a  particular  type  of  engine  should,  if  possible,  be 
tested  in  an  engine  of  this  same  type.  For  general  testing,  the  plugs  are  run  in  a  modern 
aviation  engine  having  a  ratio  of  total  cylinder  volume  to  clearance  volume  not  less 
than  5.3  to  1,  preferably  driving  a  propeller  or  a  club.  The  engine  is  run  at  full  power  for  a 
total  period  of  six  hours  with  not  more  than  three  interruptions,  and  is  then  run  one  hour 
throttled  down  to  about  400  revolutions  per  minute.  If  the  engine  has  two  plugs  per  cylinder, 
either  the  plugs  to  be  tested  arc  put  in  both  sides  or,  if  the  number  of  samples  is  insufficient, 
the  plugs  are  moved  in  the  middle  of  the  test  so  as  to  be  run  for  about  half  the  time  in  each 
location.  The  temperature  of  the  cooling  water  leaving  the  engine  is  maintained  between 
65°  C.  and  70°  C.  (149°  to  158°  F.).  The  temperatures  of  the  oil  in  the  crank  case,  of  the 
cooling  water,  and  of  the  surrounding  air  are  recorded,  together  with  the  average  power  devel- 
oped and  the  oil  and  fuel  consumption.  At  intervals,  each  ignition  system  is  cut  off  to  indicate 
missing  in  the  other  set  of  plugs,  and  any  misfiring  or  preignition  due  to  the  plugs  is  noted. 
The  plugs  are  examined  at  the  end  of  the  run  to  determine  if  any  corrosion  or  warping  of  the 
electrodes,  as  shown  by  a  change  in  the  length  of  the  gap,  fouling  with  carbon,  cracking  of  the 
insulator,  or  other  defect  occurred.  The  plugs  are  also  subjected  to  the  test  for  gas  tightness 
both  before  and  after  the  engine  tests,  and  if  cracking  of  the  porcelain  is  suspected  the  insu- 
lators are  removed  from  the  shells  and  soaked  in  an  alcoholic  solution  of  eosin  to  indicate  any 
cracks  which  may  exist. 
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REPORT  No.  52. 


TEMPERATURES  IN  SPARK  PLUGS  HAVING  STEEL  AND  BRASS  SHELLS.1 

By  C.  S.  Cbaooe. 

RESUME. 

This  investigation  was  conducted  at  the  Bureau  of  Standards  for  the  National  Advisory 
Committee  for  Aeronautics. 

Brass  has  often  been  assumed  superior  to  steel  for  spark  plug  shells  because  of  its  greater 
heat  conductivity.  The  measurements  described  in  this  report  prove  the  contrary,  showing 
that  the  interior  of  a  spark  plug  having  a  brass  shell  is  from  50°  to  150°  C.  (90°  to  270°  F.) 
hotter  than  that  of  a  similar  steel  plug.  Consistent  results  were  obtained  in  both  an  aviation 
and  a  truck  engine,  and  under  conditions  which  eliminated  all  other  sources  of  difference 
between  the  plugs.  It  is  to  be  concluded  that  steel  is  to  be  preferred  to  brass  for  spark  plug 
sh  lis. 

INTRODUCTION. 

The  measurements  described  below  were  undertaken  to  compare  the  temperatures  attained 
in  various  portions  of  spark  plugs  having  brass  and  steel  shells.  The  plugs  used  were  of  the 
Rajah  type.  The  porcelains  were  especially  made  with  a  hollow  central  (electrode)  space  of 
approximately  2  mm.  (0.08  inch)  diameter  and  sealed  at  the  lower  end.  The  temperature  gra- 
dient along  this  central  axis  of  the  porcelain  was  measured  with  a  movable  copper  constantan 
thermocouple.  A  brass  tube  about  2  cm.  (0.8  inch)  in  diameter  and  15  cm.  (6  inches)  in  length 
was  a'ttached  to  the  upper  part  of  the  shell  of  each  plug  to  protect  the  thermocouple  and  to 
support  it  in  any  desired  position. 

MEASUREMENTS  WITH  PLUGS  IN  HALL-SCOTT  MOTOR. 

Two  plugs  with  brass  and  two  with  steel  shells  were  placed  in  the  regular  spark  plug  holes 
on  the  exhaust  side  of  a  four-cylinder  Hall-Scott  motor,  type  A-oa,  running  at  a  speed  of  about 
1,500  revolutions  per  minute,  and  delivering  about  110  horsepower  to  an  airplane  propeller. 
A  separate  run  was  made  for  each  plug  and  the  temperatures  measured  after  sufficient  time 
had  elapsed  (about  a  half  hour)  for  the  temperature  to  become  constant.  The  temperature  of 
the  discharge  water  from  the  cylinders  was  about  70°  C.  (158°  F.)  in  each  case.  The  following 
table  contains  the  results  of  the  measurements.  The  first  column  gives  the  position  of  the 
thermocouple  from  the  bottom  of  the  porcelain.  This  was  limited  by  the  depth  of  the  central- 
space. 

Table  I. 


Position. 

Temperatures  °C.  in  aviation  engine. 

In  cylinder  I. 

In  cylinder  II. 

In  cylinder  I. 

Cm. 

Inches. 

Brass  A. 

Steel  A. 

Brass  A. 

Steel  A. 

Brass  B. 

Steel  B. 

1.5 

0.59 

435 

325 

2.0 

.79 

3S0 

220 

375 

225 

395 

290 

2.5 

.93 

355 

ISO 

360 

210 

350 

260 

3.0 

L  18 

310 

155 

330 

180 

305 

225 

3.5 

1.38 

255 

130 

285 

155 

265 

195 

4.0 

1.57 

200 

120 

215- 

125 

210 

160 

'  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  ol  Standards  Aeronautic  Power  Plants  Report  No.  12. 
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These  values  are  shown  in  plot  1. 

The  gas  leakage  on  the  above  plugs  was  measured  at  225  pounds  pressure  and  150°  C.  with 
the  following  results: 


Brass. 

Steel. 

A  

0.05  cc.  per  sec. 
0.45  cc.  per  sec. 

B  

0.36  cc.  per  sec  

The  pitch  diameters  of  the  threads  (in  inches)  were  measured  by  choosing  the  two  central 
threads  and  taking  diameters  at  right  angles. 


Brass. 

Steel. 

A. 

B. 

A. 

B. 

0.66SO 
.66S2 
.6672 
.6675 

0.6696 
.668S 
.6678 
.6680 

0.6663 
.6642 
.6640 
.6637 

0.6707 
.6692 
.6668 
.6665 

Mean.  .6677 

.66S5 

.6645 

.66S3 

MEASUREMENTS  IN  A  TRUCK  MOTOR. 

Similar  measurements  were  made  in  a  Waukesha  truck  motor  with  special  cylinder  heads 
which  gave  a  maximum  compression  of  about  115  pounds  per  square  inch.  This  motor  was 
connected  with  a  dynamometer  and  loaded  down  with  the  throttle  wide  open  to  run  at  a  speed 
of  1,000  revolutions  per  minute.  There  was  no  fan  or  radiator  connected  but  the  discharge 
water  was  thermostated  at  a  temperature  of  63°  C.  (145°  F.).  Each  plug  was  placed  sepa- 
rately in  the  second  cylinder  and  in  the  same  spark  plug  hole,  which  was  specially  drilled  and 
tapped  in  a  position  originally  used  for  a  priming  cup.  The  bottom  of  the  plugs  lacked  about 
2.5  cm.  (1  inch)  of  being  flush  with  the  inside  cylinder  wall.  The  temperature  gradients  along 
the  central  axis  of  the  porcelains  were  measured  as  before.  An  additional  thermocouple  was 
placed  about  2  mm.  (0.08  inch)  within  the  metal  of  the  shell  of  each  plug  and  level  with  the 
copper  gasket  below  the  shoulder  of  the  porcelain. 

Table  II. 


Position  (from  bottom 
of  porcelain). 

Temperatures  °C.  in  truck  engine. 

Cm. 

In. 

Brass  A. 

Steel  C. 

Brass  C. 

Steel  D. 

Brass  A. 

Steel  C. 

2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
Thermocou 

0.79 
.98 
1.18 
1.38 
1.57 
1.77 
pic  in  shell.. 

227 
169 
147 
135 
128 
121 
135 

158 
133 
120 
111 
104 
100 
112 

245 
173 
149 
135 
126 
121 
135 

173 
141 
125 
114 
108 
103 
116 

230 
171 
149 
137 
130 
123 

156 
135 
120 
116 
108 
101 

These  values  are  shown  in  plot  2. 

The  gas  leakage  was  carefully  measured  at  220  pounds  pressure  and  155°  C.  and  plugs 
purposely  chosen  having  wide  variations. 


Brass. 

Steel. 

A.  

0.009  cc.  per  sec. 
1.5  cc.  per  sec. 

C  

0.03  cc.  per  sec. 
1.6  cc.  per  sec. 

C  

D  

The  pitch  diameters  of  the  threads  in  inches  were: 


Brass. 

Steel. 

A. 

C. 

c. 

D. 

0.6680 
.6682 
.6672 
.6675 

0.6697 
.6686 
.6676 
.6678 

0.6692 
.6684 
.6674 
.6670 

0.6668 
.6668 
.6659 
.6661 

Mean  .6677 

.imi 

.6681 

.6664 

HALF-SECTION  OF  SPARK  PL  UG  HALF-SECTION  OF  SPARK  PL  UG 
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CONCLUSIONS. 

The  measurements  indicate  that  the  temperatures  of  the  brass  shells  are  considerably 
higher  than  the  steel  in  each  case.  Also,  the  temperatures  in  the  center  of  the  porcelain  are 
higher  in  the  case  of  brass  shells.  This  difference  can  not  be  attributed  to  difference  in  gas 
leakage,  since  plugs  of  the  same  material  differing  quite  widely  in  leakage  gave  practically 
identical  results.  Also,  the  thread  dimensions  were  so  nearly  the  same  that  the  difference  in 
temperature  can  not  be  due  to  difference  1n  the  contact  between  the  plug  and  the  jacket,  and 
is  apparently  due  to  the  difference  in  the  material  of  the  shell.  This  effect  is  apparently  due 
to  the  greater  thermal  conductivity  of  brass  (0.22  c.  g.  s.  units)  as  compared  with  steel  (0.11 
c.  g.  s.  units).  The  heat  received  from  the  hot  gases  in  the  c3Tlinder  by  the  inner  end  of  the 
brass  plug  is  more  readily  conducted  longitudinally  to  the  upper  part  of  the  shell,  which  is 
thus  maintained  at  a  relatively  higher  temperature  in  spite  of  the  loss  of  heat  from  the  upper 
portions  of  the  shell  and  insulator  by  radiation  and  convection.  Since  the  contact  between 
the  porcelain  and  the  plug  is  above  the  plane  of  the  engine  water  jacket,  the  porcelain  is  less 
effectively  cooled  in  the  case  of  the  brass  plug  where  the  upper  part  of  the  metal  is  hotter, 
and  consequently  shows  a  higher  temperature  throughout  its  length. 
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REPORT  No.  53. 

PART  L 


METHODS  OF  MEASURING  RESISTANCE  OF  INSULATORS  AT  HIGH  TEMPERATURES.1 

By  F.  B.  Silsbee  and  R.  K.  Honaman. 

RfiSUME. 

This  report  describes  in  some  detail  the  preliminary  experiments  which  were  made  on  the 
conductivity  of  spark-plug  insulators  in  order  to  develop  a  satisfactory  comparative  method 
for  tosting  various  materials.  The  measurements  wore  made  at  temperatures  between  200°  and 
900°  C,  and  with  both  alternating  and  direct  current  at  voltages  as  high  as  2,000  volts. 

The  results  obtained  confirmed  the  experiments  of  earlier  observers  at  lower  temperatures 
in  indicating  a  very  rapid  decrease  of  resistance  with  increase  of  temperature  in  porcelain, 
mica,  fused  silica,  and  similar  materials.  This  decrease  is,  however,  a  gradual  one  and  there 
is  no  definite  temperature  at  which  the  material  suddenly  changes  its  properties.  The  results 
of  conductivity  measurements  can  be  most  conveniently  expressed  by  stating  the  temperature 
(Te)  at  which  the  material  has  the  arbitrarily  selected  resistivity  of  one  megohm  per  centimeter 
cube.    Tablo  1  gives  the  values  of  this  constant  for  various  substances. 

The  measurement  with  direct  current  showed  the  presence  of  disturbing  polarization 
effects  which  make  the  apparent  resistance  of  the  spocimen  vary  with  the  magnitude  and  time  of 
application  of  the  measuring  voltage.  This  effect  can  be  eliminated  by  the  use  of  alternating 
current  in  making  the  measurements  and  the  later  work  on  a  wide  variety  of  substances,  the 
results  of  which  are  given  in  Part  II  of  this  report,  was  done  by  this  latter  method. 

There  is  a  wide  field  for  further  investigation  of  this  subject,  as  the  mechanism  of  conduction 
in  this  class  of  materials  is  very  complex. 

INTRODUCTION. 

The  purpose  of  this  report  is  to  describe  some  measurements  carried  out  at  the  Bureau  of 
Standards  during  the  past  two  years,  on  the  resistance  of  various  insulating  materials  at  high 
temperatures.  This  work  was  undertaken  with  a  view  to  studying  the  relatiA'e  merits  of  various 
insulators  for  use  in  spark  plugs,  and  in  particular  to  assist  the  ceramic  laboratory  of  the  bureau  in 
developing  improved  porcelain  bodies  for  this  purpose  The  method  finally  adopted  as  a  result 
of  this  work  for  the  comparative  testing  of  materials  is  described  briefly  in  lteport  No.  51, 
Part  III,  the  results  of  a  largo  number  of  measurements  on  a  wide  variety  of  materials  are  given 
in  Report  No.  53,  Part  II,  and  the  development  of  the  ceramic  side  of  tho  investigation  is  given 
in  Report  No.  53,  Part  III.  The  present  report  will  be  confined  to  a  description  of  the  various 
phenomena  observed  in  the  experiments  which  led  to  the  method  finally  adopted. 

The  electrical  and  thermal  conditions  under  which  a  spark  plug  is  required  to  operate 
differ  considerably  with  the  type  of  gasoline  engine  used.  Measurements  with  embedded  thermo- 
couples have  shown  that  the  temperature  of  tho  body  of  the  insulator  within  the  metal  shell 
seldom  exceeds  250°  C.  in  water-cooled  engines.  The  tip  of  the  inner  end,  however,  may  reach 
temperatures  as  high  as  900°  to  1,000°  C.  It  therefore,  appeared  desirable  to  study  the  resis- 
tivity of  the  specimens  in  tho  range  of  temperature  between  200°  and  900°  C. 

'  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  o(  Standards  Aeronautic  I'ower  1'lants  Ueport  No.  18. 
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The  electrical  stresses  applied  to  a  spark-plug  insulator  by  tho  average  magneto  or  battery 
coil  ignition  system  used  for  firing  gasoline  engines  are  quite  peculiar  and  difficult  to  duplicate  in 
any  method  of  measurement.  The  C}^cle  of  operation  (see  Report  No.  58,  Part  1)  following  the 
opening  of  the  primary  breaker  contacts  consists  of  a  rapid  rise  of  the  potential  applied  to  the 
spark  plug  from  zero  to  a  value  sufficient  to  break  down  the  spark  gap  in  the  engine  cylinder. 
The  break-down  voltage  is  of  the  order  of  G,000  volts  and  is  reached  in  a  few  hundred  thou- 
sandths of  a  second.  After  this  a  comparatively  low  voltage  (800  volts)  maintains  the  electric 
arc  between  the  spark  points  and  lasts  for  a  few  thousandths  of  a  second.  Since  the  interval 
between  sparks  is  of  the  order  of  0.1  second,  it  will  be  seen  that  the  average  voltage  applied  over 
a  complete  cycle  is  quite  low  and  has  been  found  to  be  approximately  150  volts.  These  peculiar 
electrical  conditions  should  be  kept  in  mind  when  considering  the  various  methods  of  measure- 
ment described  below.  * 

The  materials  studied  in  this  investigation  included  porcelains,  glass,  steatite,  mica,  and 
fused  silica,  as  those  constitute  the  only  class  of  substances  sufficiently  heat  resisting  for  use 
in  spark  plugs.  While  the  detailed  studies  of  polarization,  etc.,  described  in  this  report  were 
made  on  only  a  few  of  the  porcelain  samples,  the  same  effects  seemed  to  be  present  to  greater 
or  less  degree  in  all  cases  and  the  process  of  conduction  is  probably  similar  in  all  of  them.  The 
work  of  earlier  investigators1  has  shown  the  complex  nature  of  the  phenomena,  but  as  yet  no 
complete  and  satisfactory  theory  has  been  worked  out  to  account  for  them. 

APPARATUS  AND  SPECIMENS. 

Most  of  the  work  reported  in  this  paper  was  done  on  cup-shaped  specimens  similar  to  the 
standard  test  piece  No.  1,  adopted  by  the  A.  S.  T.  M.,  except  that  the  side  walls  were  of  uniform 
thickness.  The  cross  section  of  this  specimon  is  shown  in  figure  L.  The  principal  advantages 
of  this  type  of  specimen  are : 

(1)  The  conduction  takes  place  through  the  bottom  of  the  cup,  which  is  of  definite 

and  easily  measured  dimensions. 

(2)  The  large  area  and  small  thickness  of  the  bottom  insure  a  relatively  large  current 

even  with  material  of  high  resistivity. 

(3)  The  path  over  the  rim  of  the  cup  for  any  surface  leakage  is  relatively  long. 

(4)  A  satisfactory  contact  can  be  made  between  the  specimen  and  the  electrodes  by 

immersing  the  bottom  of  the  cup  in  a  conducting  fluid  (in  these  experiments, 
melted  solder)  and  by  inserting  some  of  this  fluid  inside  the  cup  to  form  the 
upper  electrode. 

These  cup  specimens  were  used  in  the  furnace  shown  in  figure  2.  The  heating  coil  inserted 
in  the  plug  below  the  specimen  was  found  necessary  to  compensate  for  the  flow  of  heat  through 
the  bottom  of  the  furnace.  By  proper  adjustment  of  the  relative  amounts  of  current  through 
the  main  winding  and  through  this  additional  coil,  the  temperatures  inside  and  outside  the  cup 
could  be  equalized.  These  temperatures  were  measured  by  two  copper-constantan  thermo- 
couples, one  of  which  was  inserted  in  a  closed  porcelain  tube  which  dipped  below  the  surface 
of  the  solder  in  the  interior  of  the  cup,  while  the  other  was  embedded  in  the  steel  cup  containing 
tho  solder  below  the  specimen.  Readings  of  the  resistance  were  taken  only  when  these  two 
thermocouples  showed  substantially  oqual  temperatures. 

In  cases  whore  cup  specimens  were  not  availablo,  measurements  wore  made"on  assembled 
spark  plugs,  and  also  on  spark-plug  insulators,  and  on  short  pioces  of  tubing.  In  those  casos 
the  conduction  took  place  between  a  central  electrode  and  either  tho  shell  of  the  spark  plug 
or  a  band  of  platinum  deposited  around  tho  contor  of  tho  outside  of  tho  insulator  or  tube.  The 
measurements  with  this  typo  of  specimen  woro  definite  in  indicating  the  rosistanco  of  the  speci- 
men, but  owing  to  the  uncertainty  as  to  the  area  of  contact  and  the  location  of  the  linos  of  cur- 
rent flow  it  is  difficult  from  such  data  to  compute  with  accuracy  tho  true  resistivity  of  the 
material. 

i  Gray,  T.,  Phil.  Mag.  ser.  5,  vol.  10,  p.  226, 18S0.  Kinnison,  C.  S.,  Proc.  Am.Ceramic  Soc.  17,  p.  422, 1915. 

Hawortta,  H.  F.,  Proc.  Roy.  Soc.  Lond.  A  81,  p.  221,  1908.  Poole,  H.  H.,  Phil.  Mag.  34,  p.  195,  1917. 

Somcrvillo,  A.  A.,  Phys.  Rev.  31,  p.  261, 1910.  Brace,  P.  H.,  Trans.  Am.  Electrochem.  Soc.,  May  5, 1918. 

Campbell,  Nat.  Phys.  Lab.  11,  p.  207,  1914. 
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For  specimens  of  this  shape  the  electric  furnace  shown  in  figure  3  was  used,  and  tompera- 
tures  were  indicated  hy  a  single  thermocouple  placod  in  an  iron  plug  which  supported  the 
spocimen. 

For  reducing  the  results  of  oithor  type  of  spocimen  from  the  ohsorved  resistance  to  a  basis 
of  the  rosistivity  of  the  material  the  factors  connecting  those  two  quantities  were  computod 
from  the  dimensions  of  the  specimens.  The  rosistivity  is  obtained  by  multiplying  tho 
observed  resistance  by  the  factor  K,  where  for  the  cup  specimen 

z-'-n  « 

and  d  is  tho  diamotor  of  the  bottom  of  the  cup  and  t  the  thickness  of  the  cup  in  centimeters. 
For  the  tubular  spocimen 

2.30  log107?2  (approx.  2) 

whore  I  equals  tho  Longth  of  the  external  conducting  band  measured  parallel  to  the  longth  of 
the  spocimen,  and  R2  and  Rj  are,  respectively,  the  external  and  intornal  radii  of  tho  insulator. 

In  most  of  the  work  tho  resistances  were  measured  by  reading  a  voltmeter  connected 
across  the  specimen  and  an  ammeter  in  series  with  it  and  taking  the  quotient  of  theso  values  as 
the  resistance.  As  will  be  soon  from  the  following,  a  wide  variety  of  sources  was  used  to  provide 
the  applied  voltago,  and  tho  indicating  instruments  were  correspondingly  varied  in  character. 

VARIATION  OF  RESISTANCE  WITH  TEMPERATURE. 

The  first  experiments  wore  carried  out  with  an  appliod  diroct-curront  voltage  of  about 
2,000  volts,  which  was  obtained  by  rectifying  with  a  kenotron  a  3,000-cycle  voltage  supplied 
from  a  step-up  transformer.  The  connections  used  to  obtain  this  rectification  and  to  reduce  tho 
fluctuations  in  the  resulting  continuous  voltago  are  shown  in  figure  4.  This  rather  complicated 
system  was  chosen  in  an  attempt  to  duplicate  to  some  extent  tho  voltages  existing  in  ignition 
systems,  and,  although  this  source  of  voltage  was  lator  abandoned,  tho  data  obtained  with  it 
brought  out  the  salient  facts  in  regard  to  this  type  of  conduction.  The  most  striking  of  these 
facts,  as  vorifiod  by  other  measurements  made  later,  is  the  very  rapid  decrease  in  resistance  of 
tho  spocimen  with  increase  in  temperature.  This  variation  amounts  to  aproximately  2  per  cent 
per  degree  centigrade  at  ail  tomperatures.  If  the  rosults  are  expressed  by  plotting  resistance 
vs.  temperature,,  or  conductance  vs.  tomperature  (soo  plot  5),  the  rosulting  curves  are  so  steep 
as  to  render  it  impracticable  to  express  tho  data  ovot  an  extondod  temporature  range  by  a 
single  curve.  It  is  found,  however,  that  by  plotting  the  common  logarithm  of  the  resistance 
against  temperature,  as  is  done  in  curve  No.  Ill,  plot  5,  and  in  plot  6  a  convenient  line  of 
slight  curvature  is  obtainod.  It  wfll  be  seen  from  this  plot  that  if  this  curvature  is  neglected, 
the  results  can  bo  roprosentod  approximately  by  tho  equation 

Log10  R  =  a-bt  (3) 

This  mothod  of  expressing  the  results  is  very  convenient  in  reducing  the  data  to  a  basis  of 
resistivity,  since  combining  the  relation 

P  =  KxR  (4) 

with  equation  (3)  ono  obtains 

Logi0p  =  a+\og10K-bt  =  c-bt  (5) 

In  this  equation  b  and  c  are  constants  of  the  material  and  aro  independent  of  tho  shape 
and  size  of  tho  spocimen  usod.  Unfortunatoly,  howovor,  the  values  obtained  for  one  of  these 
constants  depends  vory  markedly  upon  the  other,  so  that  a  slight  error  in  ono  will  cause  a  com- 
pensating change  in  the  other.  They  aro,  therefore,  not  well  suitod  for  comparing  the  relative 
merits  of  the  different  materials  and  for  this  latter  purpose  it  has  been  found  convenient  to 
compute  an  "effective  tomperature"  (Te),  which  is  defined  as  the  temperature  at  which  the 
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material  has  tho  arbitrarily  solocted  resistivity  of  1  megohm  per  centimeter  cube,  and  which 
may  be  computed  from  the  equation 

re  =  ^  (6) 

This  value  of  Te  ranges  from  350°  in  tho  poorer  grades  of  porcelain  up  to  800°  for  fused 
sdica,  and  is  a  convenient  index  of  tho  value  of  the  material  as  an  insulator  at  high  temperatures. 

An  inspection  of  these  resistanco-tomporaturo  curves  shows  a  complote  absonce  of  any 
critical  temporaturo  at  which  tho  matorial  undorgoos  an  abrupt  chango  in  its  resistance  This 
shows  tho  orror  of  tho  commonly  acceptod  idea  that  porcolain  breaks  down  and  becomes  con- 
ducting at  a  definite  temperature  This  boliof  probably  originated  from  experiments  in  which 
tho  temperature  of  a  porcelain  samplo  was  gradually  raised  while  being  continuously  subjected 
to  an  appliod  voltage.    The  effect  of  the  curront  flowing  through  tho  samplo  in  such  cases 

would  be  entirely  negligible  up  to  a  certain  temperature-  at  which  the  power  (^j^j  supplied  by 

tho  measuring  current  becamo  comparable  with  tho  rate  at  which  heat  could  be  dissipatod  to 
tho  surroundings.  Owing  to  the  very  rapid  rate  of  change  of  resistance  with  temporaturo,  a 
very  slight  further  increase  in  temperature  would  materially  decrease  the  resistance  and  con- 
sequently increase  the  (jp)  l°ss-    Unless  tho  specimen  was  in  a  position  to  give  off  heat  freely 

to  its  surroundings  the  temperature  would  rise  rapidly,  causing  a  further  decrease  in  resistance, 
thus  leading  to  an  unstable  state  which  would  rapidly  cause  tho  fusion  of  tho  material  and  the 
passage  of  an" arc.  The  rapidity  of  change  of  resistance  with  temporaturo  makes  this  point  of 
instability  quite  definite,  provided  all  tho  conditions  of  the  experiment  are  maintained  con- 
stant, but  this  apparent  critical  temporaturo  will  dopond  very  greatly  upon  the  contact  botweon 
the  specimen  and  the  furnace,  upon  the  applied  voltage,  and  the  other  conditions,  so  that  this 
is  in  no  sonso  a  specific  property  of  tho  material. 

The  magnitude  of  this  heating  effect  is  exemplified  by  the  behavior  of  a  porcelain  sample 
tested  when  hot — for  example,  at  500°  C.  At  this  temperature,  the  resistance  of  a  centimeter 
cube  of  ordinary  porcelain  is  about  100,000  ohms,  and  if  a  voltage  of  only  500  volts  per  milli- 
meter (i.  e.,  only  about  one-twentieth  of  that  required  to  puncture  it  while  cold)  be  applied, 
the  current  flowing  will  be  50  milliamperes  and  the  power  dissipated  in  the  sample  will  be  250 
watts.  This  will  suffice  to  raise  the  temperature  of  the  sample  at  a  rate  of  about  100°  C.  per 
second  and  will  cause  its  rapid  destruction. 

This  heating  of  the  specimen  by  the  measuring  current  was  observed  on  numerous  occasions 
when  making  tests  at  2,000  and  1,000  volts,  and  in  each  case  the  samples  on  removal  from  the 
furnace  were  found  to  contain  one  or  more  spots  where  the  porcelain  had  been  fused  into  a 
glass  by  the  intense  local  heating.  In  the  later  worjv  at  lower  voltage  this  effect  was  not  present, 
and  readings  were  taken  only  when  the  current  was  substantially  constant. 

POLARIZATION. 

The  early  measurements  with  high  voltage  direct  current  showed  a  number  of  puzzling 
discrepancies,  such  as  a  variation  of  the  apparent  resistance  with  the  voltage  used  in  making 
the  measurement  and  with  the  time  of  application  of  this  voltage.  Plot  7  shows  this  varia- 
tion of  resistance  with  voltage  as  observed  with  a  porcelain  cup  specimen.  Such  discrepancies 
indicated  the  presence  of  an  additional  phenomenon  to  be  reckoned  with,  which  in  the  absence 
of  definite  knowledge  as  to  its  origin  was  called  "polarization,"  and  will  be  so  referred  to 
throughout  this  report. 

The  fundamental  manifestation  of  this  so-called  polarization  is  that  if  a  constant  direct- 
current  voltage  be  applied  to  a  specimen,  the  resulting  current  will  decrease  at  first  rapidly 
and  then  more  gradually,  as  is  indicated  in  plot  8.  The  reduction  in  current  is  often  equivalent 
to  an  increase  in  resistance  by  a  factor  of  10  or  20.  If  the  specimen  is  allowed  to  remain  at  a 
high  temperature  but  without  applied  voltage  for  some  time,  the  effect  gradually  disappears, 
but  a  considerable  time  is  required  to  accomplish  this.    The  disappearance  is  more  rapid  at 
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high  temperatures  than  at  low.  Plot  9  gives  a  record  of  the  variation  of  the  apparent 
resistance  of  a  glass  beaker,  as  measured  with  1,000  volts  direct  current,  after  various  applica- 
tions and  removals  of  the  measuring  potential.  The  course  of  the  experiment  is  indicated  by 
the  arrows,  and  the  duration  of  each  period  of  application  or  of  rest  is  indicated  on  the  curve. 
The  lowest  and  highest  curves  give  the  resistance  as  observed  with  very  short  application  of 
the  testing  voltage  just  prior  to  the  polarizing  test  and  on  the  following  day,  respectively. 
The  apparent  permanent  increase  of  resistance  observed  with  this  specimen  selves  to  explain 
some  mysterious  results  obtained  at  an  earlier  date,  in  which  one  specimen  had  shown  an 
increase  of  resistance  to  more  than  twenty  times  its  initial  value  after  several  successive  tests. 
The  fact  that  an  appreciable  time  is  required  to  obtain  a  reading,  even  with  quick  acting  direct 
current  indicating  instruments,  and  that  during  this  time  the  specimen  is  being  polarized,  is 
probably  a  complete  explanation  of  the  variation  of  apparent  resistance  with  applied  voltage, 
shown  in  plot  7.  If  the  applied  direct-current  voltage  is  suddenly  reversed  after  a  specimen 
has  become  polarized  to  a  considerable  extent,  tbe  initial  current  in  tbe  new  direction  is  found 
to  be  approximately  equal  in  magnitude  to  the  original  current  and  much  greater  than  the  value 
immediately  preceding  the  reversal.  (See  plot  10.)  This  implies  a  counter  E.  M.  F.,  and  an 
attempt  was  made  to  observe  such  an  effect  by  connecting  an  electrostatic  voltmeter  across 
the  specimen.  No  residual  deflection  of  this  meter  was  observed  when  the  supply  current  was 
removed,  even  after  long-continued  polarization  of  the  specimen.  This  result  is  to  some  extent 
in  contradiction  to  facts  mentioned  by  other  observers.2 

A  magneto  having  alternate  distributor  points  of  the  same  polarity  connected  together 
was  also  used  as  a  source  of  voltage  and  the  polarizing  effects  found  to  be  in  every  way  similar 
to  those  obtained  with  a  steady  direct-current  source  of  the  same  average  voltage  (150  volts). 

When  alternating  current  is  applied  to  a  fresh  specimen,  there  is  no  polarizing  effect  and 
the  current  remains  constant  indefinitely,  except  when  the  current  is  so  large  as  to  produce 
heating  of  the  specimen.  When  alternating  current  is  applied  to  a  specimen  which  has  been 
previously  polarized  by  direct  current,  the  polarization  disappears  at  a  more  rapid  rate  than  if 
the  alternating  current  had  not  been  applied. 

An  attempt  to  throw  light  on  these  complex  phenomena  was  made  by  applying  alternating 
and  direct  current  simultaneously  to  a  specimen.  This  was  accomplished  by  connecting  a 
transformer  in  series  with  a  generator.  By  opening  the  primary  circuit  of  the  transformer, 
or  the  field  of  the  generator,  either  source  of  E.  M.  F.  could  be  eliminated  without  opening  the 
circuit  or  interfering  with  the  current  flow  from  the  other  source.  The  alternating-current 
voltage  was  measured  across  the  transformer  terminals  with  a  moving  iron  voltmeter,  and  the 
direct-current  voltage  by  a  dArsonval  type  direct-current  voltmeter  across  the  generator. 
The  alternating  current  through  the  specimen  was  passed  through  the  moving  coil  of  an  electro- 
dynamometer,  the  fixed  coil  of  which  was  excited  by  an  alternating  current  of  constant  magni- 
tude and  in  the  same  phase  as  the  alternating  voltage  applied  to  the  specimen.  The  direct 
current  through  the  specimen  was  measured  by  a  direct-current  milliammeter  connected  in 
series  with  the  specimen  and  the  dynamometer.  With  this  arrangement,  each  pair  of  instru- 
ments measured  only  its  particular  component  of  the  resultant  current  and  voltage  and  was 
not  affected  by  the  presence  of  the  other  component.  Plot  11  shows  the  variation  with 
time  during  the  course  of  the  experiments  of  the  resistances  as  computed  from  the  two  com- 
ponents of  the  current.  In  this  experiment  the  maximum  value  of  the  alternating-current 
voltage  was  greater  than  the  direct-current  voltage,  so  that  the  resultant  voltage  applied  to 
the  specimen  reversed  in  sign  during  each  alternation.  Other  experiments,  in  which  the 
maximum  alternating  voltage  was  less  than  the  direct-current  voltage,  and  the  resultant 
voltage  was  consequently  unidirectional,  showed  substantially  the  same  effects. 

Throughout  the  experiments  the  temperature  was  held  as  nearly  constant  as  possible, 
but  a  gradual  drift  of  resistance  will  be  noticed  which  can  be  accounted  for  by  a  slight  change 
of  temperature.  It  appears  from  these  results  that  the  resistance  of  the  specimen  is  sub- 
stantially the  same  for  both  the  alternating  and  direct  current  for  all  states  of  polarization. 


'  Maxwell,  J.  C,  Electricity  and  magnetism,  §  271,  vol.  1,  p.  393,  3d  ed. 
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Or,  in  other  words,  the  polarization  produced  by  the  direct  current  offers  resistance  to  the 
passage  of  the  alternating  current  and  the  depolarization  produced  by  the  alternating  current 
reduces  the  resistance  offered  to  the  passage  of  the  direct  current. 

When  alternating  current  alone  was  applied  to  a  fresh  specimen,  the  power  factor  of  the 
circuit  was  found  to  be  substantially  unity.  If,  however,  the  specimen  had  recently  been 
polarized  by  the  application  of  direct  current,  the  power  factor  was  somewhat  reduced;  values 
as  low  as  0.9  having  been  observed. 

The  data  described  above  are  quite  insufficient  for  the  development  of  any  complete  theory 
of  this  polarization,  but  it  would  appear  that  the  assumption  of  a  counter  E.  M.  F.  is  ruled  out 
both  by  the  experiments  of  combined  alternating  and  direct  current  and  by  the  difficulty  of 
imagining  a  mechanism  capable  of  producing  a  counter  E.  M.  F.  of  the  order  of  several  thousand 
volts,  which  would  be  required  to  produce  the  obseived  decrease  of  current.  A  possible  explana- 
tion may  be  developed  on  a  basis  of  the  migration  away  from  one  electrode,  of  the  ions  carrying 
the  current,  thus  leaving  a  scarcity  of  carriers  for  the  further  passage  of  current  in  the  original 
direction,  but  providing  a  plentiful  supply  for  currents  in  the  reversed  direction.  Another 
suggested  explanation  is  the  formation  of  resisting  films  which  may  cover  a  considerable  part 
of  the  area  of  the  electrodes  but  which  are  readily  removed  by  electrolysis  on  reversal  of  the 
current.  Tests  made  using  platinized  surfaces  as  electrodes  instead  of  the  melted  solder 
showed  no  difference  of  behavior.  It  may  be  noticed  in  this  connection  that  when  the  samples 
were  removed  after  cooling,  the  solidified  solder  adhered  firml}-  to  both  surfaces  of  the  cups 
which  had  been  treated  with  direct  current,  but  could  be  very  readily  peeled  off  from  specimens 
which  had  been  tested  on  alternating  current. 

DISCUSSION  OF  METHODS  FOR  MEASURING  RESISTANCES. 

As  a  result  of  the  data  obtained  in  the  preliminary  experiments  just  desciibed,  it  was 
decided  to  adopt  as  the  most  satisfactory  method  for  the  rapid  comparison  of  different  types 
of  insulating  materials  the  volt-ameter  method,  using  alternating  current.  Under  these  condi- 
tions the  observed  resistance  is  substantially  independent  of  the  frequency,  voltage,  and  time 
of  application,  and  the  convenient  values  of  60  cycles  and  500  volts  were  adopted  for  the  later 
work.  Plot  6  shows  typical  results  obtained  by  this  method  and  indicates  the  agreement 
attainable  on  successive  runs  even  at  different  voltages.  It  should  be  remembered,  however, 
that  the  results  thus  obtained  are  for  the  material  in  the  unpolarized  state,  and,  when  in  actual 
use  in  ignition  systems,  the  material  may  show  a  much  higher  resistance  to  the  unidirectional 
impulse  from  the  magneto. 

Of  other  possible  methods  for  such  work,  a  bridge  method  using  direct  current  would  be 
objectionable  because  of  the  variable  amount  of  polarization  which  would  occur.  Attempts 
were  made  to  use  alternating  current  as  a  source,  but  the  measurements  are  complicated  by  the 
effect  of  stray  capacities  shunting  the  high  resistances  which  are  necessary,  and  the  time 
required  to  obtain  a  balance  on  the  bridge  is  a  serious  drawback  because  of  the  rapid  change 
in  the  resistances  to  be  measured  with  even  siight  drifts  of  temperature. 

The  megger,  while  extremely  rapid  and  convenient,  is  open  to  the  disadvantages  of  polari- 
zation and  to  the  fact  that  the  voltage  supplied  varies  very  considerably  with  the  resistance  of 
the  specimen  under  test. 

The  use  of  a  magneto  in  place  of  alternating  current  as  a  source  has  the  great  advantage 
that  it  approximately  duplicates  the  conditions  of  operation  in  the  engine.  The  magneto, 
however,  is  very  variable  in  its  ouput,  both  from  instant  to  instant  and  as  a  result  of  permanent 
changes  in  the  magnets,  contact  points,  etc.  Moreover,  there  is  an  abrupt  change  in  the 
operation  of  the  machine  when  the  resistance  of  the  specimen  becomes  so  low  as  to  cause  the 
spark  in  the  safety  gap  to  cease,  and  also  the  total  variation  of  the  current  delivered  with  various 
resistances  in  the  circuit  is  comparatively  slight  with  this  type  of  machine. 

A  method  involving  the  measurement  of  the  rate  of  loss  of  charge  from  a  condenser 
connected  in  parallel  with  the  specimen  has  been  used  by  Cunningham.  This  method  imitates 
the  conditions  of  operation  much  more  closely  than  does  the  alternating  current  method,  but 
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not  as  perfectly  as  the  use  of  a  magneto  as  a  source.  The  principal  objections  are  the  very 
delicate  string  electrometer  which  is  required  and  the  necessity  of  rocording  the  results 
photogi  aphically. 

TYPICAL  RESULTS  AND  CONCLUSION. 

The  following  table  gives  the  results  obtained  by  the  use  of  the  alternating  current  method 
on  a  number  of  types  of  samples,  the  significance  of  the  various  constants  being  the  same  as 
those  denned  previously. 

Table  1. 


Material. 

C 



b 

p  at  500°  C 

11.8 

0.0065 



•c. 

890 

340. 10« 

11.2 

.0066 

790 

80 

12. 1 

.0085 

720 

70 

11. 5 

.0085 

650 

40 

10.2 

.0085 

490 

.80 

These  figures  show  a  wide  variation  in  the  resistance  of  the  different  materials  but  a  rather 
surprising  similarity  in  the  constant  i,  which  is  a  measure  of  the  temperature  coefficient  of  then- 
resistance.  It  should  be  mentioned  in  this  connection  that  while  successive  measurements 
with  alternating  current  on  a  single  specimen  give  results  repeating  to  a  few  per  cent,  yet 
measurements  on  different  specimens  of  material  which  are  supposed  to  be  identical  show  wide 
variations  in  resistivity,  amounting  in  some  cases  to  a  factor  of  10.  This  fact  tends  to  indicate 
that  the  conduction  is  due  to  a  considerable  extent  to  the  presence  of  small  amounts  of 
impurities  which  may  vary  greatly  in  amount  without  appreciably  affecting  the  composition 
of  the  material  as  a  whole. 

It  appears  from  the  above  data  that  the  alternating  current  method  developed  is  very 
practical  and  convenient  for  comparative  measurements  on  samples  of  this  character,  but 
there  is  a  very  wide  field  of  investigation  concerning  the  phenomenon  of  polarization  and  much 
interesting  work  may  be  done  in  developing  theories  as  to  the  precise  mechanism  by  which 
conduction  is  carried  on  in  this  class  of  materials. 
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ELECTRICAL  RESISTANCE  OF  VARIOUS  INSULATING  MATERIALS  AT  HIGH 

TEMPERATURES.1 

By  K.  K.  Honeman  and  E.  L.  Fonseca. 
RESUME. 

In  very  hot  high-compression  engines  spark  plugs  may  fail  because  the  core  becomes  a  con- 
ductor of  electricity.  The  ignition  current  then  flows  through  the  body  of  the  plug  instead  of 
causing  a  spark  at  the  terminals.  The  data  given  in  this  report  show  the  characteristics  of 
various  porcelains  and  other  materials  in  this  respect.  These  data  include  values  for  a  large 
number  of  plugs  now  on  the  market  and  also  various  experimental  porcelains  produced  in  the 
laboratory  and  covering  a  wide  variety  of  compositions. 

To  secure  definite  and  repeatable  results  on  this  property,  it  was  found  necessary  to  make  the 
measurements  with  alternating  current,  using  a  500-volt,  60-cycle  supply.  In  this  way  the  dis- 
turbing effect  of  polarization,  etc.,  is  avoided.  The  conductivity  of  this  class  of  materials  in- 
creases very  rapidly  with  temperature  according  to  the  law  of  compound  interest  at  a  rate  of  about 
2  per  cent  per  degree  centigrade. 

The  most  convenient  basis  of  comparison  for  different  materials  is  the  "  effective  tempera- 
ture" (Te)  to  which  they  mustbeheatedin  order  to  reduce  their  resistivity  to  a  definite  value.  This 
value  is  arbitrarily  taken  as  one  megohm  per  cm.  cube.  A  spark  plug  of  normal  design  with 
material  of  this  resistivity  would  have  a  resistance  of  about  200,000  ohms.  This  value  is  only 
slightly  above  the  limit  at  which  the  usual  ignition  system  can  be  counted  on  to  fire  a  plug.  The 
effective  temperature  thus  defined  varies  from  870°  C.  in  case  of  fused  quartz  (the  best  material 
tested)  down  to  280°  C.  for  some  kinds  of  glass.  Porcelains  have  been  developed  at  the  Bureau 
of  Standards  ceramic  laboratory  which  have  an  effective  temperature  as  high  as  800°  C.  Certain 
bodies  recently  developed  for  use  in  aviation  engines  have  temperatures  of  about  650°  C,  while 
the  majority  of  spark-plug  porcelains  have  500°  C.  A  material  having  Te  less  than  400°  C.  should 
be  used  only  when  the  design  of  the  plug  is  such  that  the  insulator  is  extremely  well  cooled. 

INTRODUCTION. 

The  measurements  described  below  form  a  part  of  the  investigation  of  sparkplugs  undertaken 
by  the  Bureau  of  Standards.  A  number  of  cases  were  reported  of  spark-plug  failures  which  oc- 
curred under  conditions  suggesting  that  the  insulating  material  had  become  conducting  at  the 
high  temperatures  existing  in  aviation  engines,  and  an  extensive  study  of  this  phenomenon  in 
various  insulating  materials  was  undertaken.  Later  information  combined  with  data  accumu- 
lated in  the  laboratory  indicates  that  this  cause  of  spark-plug  failure  is  not  as  common  as  was  at 
first  thought,  but  may  occur  in  very  hot  engines.  The  suitability  of  a  material  for  use  in  spark 
plugs  should  therefore  not  be  judged  solely  on  its  insulation  resistance  while  hot. 

The  ceramic  laboratory  of  the  bureau,  in  connection  with  this  work,  undertook  to  develop  an 
improved  typo  of  porcelain  which  should  be  more  satisfactory  for  use  in  spark  plugs.  As  a  basis 
for  this  a  large  number  of  samples  of  porcelains  of  various  composition  wero  made  up  so  as  to 
obtain  data  over  as  wide  a  field  as  possible,  with  the  idea  of  correlating  the  physical  properties 
of  porcelains  with  their  compositions  and  heat  treatment  and  of  obtaining  data  of  value  for 
many  lines  of  work.  The  ceramic  side  of  this  undertaking  is  described  in  Part  III  of  this 
report. 


1  This  R eport  was  confidentially  circulated  during  the  war  as  Bureau  of  Stan  larJs  Aeronautic  Power  Plants  Report  No.  19. 
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The  early  measurements  of  electrical  conductivity,  which  were  made  with  direct  current, 
showed  the  existence  of  very  complex  phenomena,  such  as  polarization,  etc.,  and  it  was  found 
necessary  to  develop  an  alternating-current  method  for  testing  the  specimens.  The  various 
phenomena  observed  during  the  development  of  this  method  are  discussed  in  detail  in  Part  I 
of  this  report,  and  in  what  follows  only  the  method  finally  adopted  and  the  results  obtained  by 
it  will  be  given. 

METHOD  OF  MEASUREMENT. 

The  specimen  of  insulating  material  to  be  tested  is  heated  in  an  electric  furnace  to  the  desired 
temperature.  Sixty-cycle  alternating  current  at  500  volts  is  impressed  upon  the  specimen  be- 
tween two  suitable  electrodes.  A  voltmeter  connected  between  these  electrodes  and  an  ammeter 
in  series  with  the  specimen  are  read  simultaneously  and  the  quotient  of  effective  voltage  divided 
by  effective  current  is  taken  as  the  resistance. 

Since  the  current  through  the  specimen  is  rather  small,  a  very  sensitive  milliammeter  is  re- 
quired and  in  most  of  the  work  it  is  found  most  convenient  to  use  for  this  purpose  a  dynamometer 
wattmeter.  The  fixed  coil  of  this  wattmeter  is  excited  by  a  known  current  from  the  same  source 
of  supply  as  the  test  current  through  the  specimen.  The  moving  coil  of  the  wattmeter  is  con- 
nected in  series  with  the  specimen.  Such  an  arrangement  provides  a  higher  sensitivity  than  can 
be  attained  with  commercial  milliammeters,  and  is  also  convenient  in  the  great  range  of  currents 
which  can  be  measured  by  using  various  exciting  currents.  The  connections  used  in  this  test 
are  shown  in  figure  1 . 

Measurements  made  by  this  method  on  the  same  sample  are  found  to  give  results  agreeing 
to  a  few  per  cent  when  different  voltages,  frequencies,  and  times  of  application  of  the  measuring 
current  are  used.  This  method  has  been  adopted  by  the  Bureau  of  Aircraft  Production  and  is 
recommended  in  their  specification  No.  28,017. 

Two  typos  of  test  specimen  have  been  used  in  this  work.  For  the  accurate  measurement 
of  the  conductivity*  of  the  material,  a  cup  specimen,  similar  to  the  American  Society  for  Testing 
Materials,  standard  test  piece  No.  1,  is  very  convenient,  though  it  is  not  essential  that  the  side 
walls  of  the  cup  be  tapered.    Figure  2  gives  a  cross  section  of  this  type  of  specimen. 

The  test  cup  is  filled  to  a  depth  of  about  2  cm.  (0.8  inch)  with  melted  solder,  which  forms  one 
electrode,  and  is  in  turn  set  in  a  slightly  larger  shallow  steel  cup  containing  melted  solder,  which 
forms  the  other  electrode.  This  arrangement  insures  good  contact  between  the  electrodes  and 
the  porcelain.  To  avoid  cracking  the  cup  it  is,  of  course,  necessary  to  insert  the  solder  in  the 
solid  form  and  melt  it  by  gradually  increasing  the  furnace  temperature.  Figure  .3  shows  the 
arrangement  of  the  cup  specimen  in  the  furnace.  Two  thermocouples  protected  by  porcelain 
tubes  are  inserted  in  the  solder  in  the  test  specimen  and  in  a  hole  in  the  steel  cup,  respectively. 
Measurements  of  resistivity  are  made  only  when  these  two  couples  indicate  substantially  the 
same  temperature. 

In  cases  where  cup  specimens  are  not  available,  actual  spark  plug  insulators  are  tested, 
using  the  central  electrode  as  one  terminal  and  the  shell  of  the  spark  plug  as  the  other.  In  cases 
where  the  insulator  is  removed  from  the  shell,  a  band  about  2  cm.  (0.8  inch)  wide  at  the  center 
of  the  length  of  the  insulator  was  coated  with  platinum  by  painting  it  with  a  solution  of  platinic 
chloride  (PtCl<)  in  oil  of  cloves  and  then  heating  the  deposit  to  reduce  the  chloride  to  metallic 
platinum.  This  platinum  bolt  is  used  as  the  outer  terminal,  and  makes  good  contact  with  the 
insulator.  The  specimen  is  then  inserted,  as  shown  in  figure  4,  in  an  electric  furnace,  in  which 
the  temperature  is  indicated  by  a  thermocouple  placed  in  contact  with  the  shell  of  the  plug. 

Measurements  obtained  on  these  plug  specimens  are  accurate  as  indicating  the  resistance 
of  the  specimen,  but  owing  to  the  irregular  shape  and  the  uncertainty  as  to  the  area  of  outer 
electrode  in  actual  contact  with  the  porcelain  they  are  not  suitable  for  accurately  measuring 
the  resistivity  of  the  material.    We  have,  however,  computed,  from  the  usual  formula  1  for 

>  For  concentric  cylinders  of  length  /.  and  diameter  <fi  and  d,  the  factor  connecting  resistance  and  resistivity  is 

(Log„£)2.3 

For  the  cup  specimens  of  diameter  D  and  bottom  thickness  t 
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current  flow  between  concentric  cylinders,  the  factor  K,  by  which  the  resistance  must  be  multi- 
plied to  give  the  resistivity  of  the  material,  and  from  this  factor  have  computed  the  resistivities 
of  the  plugs,  which  are  given  in  Tables  IV  and  V.  In  this  computation  it  has  been  assumed 
that  contact  was  made  over  the  entire  surface  covered  by  the  shell  of  the  plug,  and  consequently 
the  values  of  resistivity  computed  on  this  basis  are  too  high  if  this  contact  be  imperfect.  It 
should  also  be  noted  that  the  path  for  surface  leakage  is  much  shorter  in  the  case  of  the  plug 
specimen,  and  also  that  if  the  glaze  is  of  poorer  material  than  the  body  conduction  through 
this  glaze  will  reduce  the  apparent  resistivity.  In  the  cup  specimen,  on  the  other  hand,  the 
area  of  contact  and  thickness  of  the  bottom  of  the  cup  are  definite  and  easily  measured,  and 
any  possible  leakage  path  is  very  long. 

COMPUTATION  OF  RESULTS. 

The  chaFige  of  resistivity  with  teFnperature  for  the  class  of  materials  tested  is  so  rapid 
that  it  is  impracticable  to  plot  resistivity  vs.  temperature  directly,  as  a  scale  which  is  suitable 
at  one  end  of  the  temper ature  range  becomes  extremely  crowded  at  the  other.  It  has  been 
found,  however,  that  by  plotting  the  logarithm  of  the  resistivity  against  the  temperature  a 
smooth  curve  slightly  concave  upward  is  obtained.  The  curvature  of  this  plot  is  quite  small, 
and  the  data  can  bo  represented  within  the  range  of  temperatures  used  with  sufficient  accuracy 
by  a  straight  line  1  which  most  nearly  fits  the  observed  points.  Plot  f>  shows  a  typical  curve 
obtained  on  a  cup  specimen  and  also  shows  the  agreement  to  be  expected  on  repeating  the 
observations  on  the  same  sample  even  at  different  voltages. 

The  points  on  the  straight  line  give  the  relation 

Log10#  =  n  —  bt  (1 ) 

where  K  is  the  resistance  of  the  specimen  in  ohms  and  t  the  temperature  in  degrees  Centigrade, 
while  a  and  b  are  constants  of  the  curve.    Introducing  the  factor  A'  mentioned  above,  we  obtain 

Log10p  -«  +  log10  K-b  t  =  c-bi  (2) 

whore  p  is  the  resistivity  in  ohms  per  centimeter  cube  and  C  a  new  constant  of  the  material 
which  is  obtained  from  a  by  the  equation 

c  =  a  +  logloK  (3) 

c  and  b  depend  upon  the  matOF-ial  only  and  not  upoFi  the  shape  or  size  of  the  particular  speciiFieFi, 
and  frojn  a  knowledge  of  these  constants  p  caFi  be  computed  for  any  temperature  by  equa- 
tion (2).  UnfortuFiately  neither  c  nor  b  is  very  coFFvenient  as  a  figure  of  Fnerit  for  the  material, 
since  a  slight  error  in  either  will  greatly  affect  the  value  of  the  other.  We  have,  therefore, 
fouFid  it  advantageous  to  compute  for  each  material  p  r,no,  which  is  the  resistivity  of  the  material 
at 500°  C.  Another  still  more  convenient  figure  of  merit  is  the  temperature  at  which  the  Fiiatorial 
has  the  definite  resistivity  of  one  megohm  per  centimeter  cube. 
This  can  be  coFnpFitcd  by  the  eqiFation 

m  _C  -6 
b 

This  value  is  given  it i  the  following  tables  for  each  material,  and  is  the  most  satisfactory  criterion 
of  its  value  as  an  insulator  at  high  teFnperatures. 

A  physical  interpretation  of  the  fact  that  the  results  when  plotted  logarithmically  give  a 
straight  line  can  be  obtained  by  considering  that  the  coFiductivity  increases  with  tcmperatiFre, 
according  to  the  law  of  compound  interest,  at  a  rate  of  about  2  per  cent  (2.36)  per  degree 
Centigrade.  The  cumulative  effect  of  the  compounding  is  such  that  an  increase  in  temperature 
of  100°  corresponds  in  the  average  Fnaterial  to  an  increase  in  the  conductivity  of  600  per  cent. 

■A  slight  error  is  theoretically  introduce.1  by  this  method  of  representing  the  results,  since  the  poorer  materials  are  tested  at  lower  tem- 
peratures, where  the  curve  is  steeper.    This  is  entirely  negligible  for  the  purposes  for  which  the  results  are  to  be  used. 
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TABLES. 

The  results  of  the  measurements  are  given  in  the  tables  below.  In  each  table  the  first 
column  contains  a  description  of  the  material,  the  second  column  gives  a  number  arbitrarily 
assigned  to  the  specimen  for  laboratory  references,  and  the  remaining  columns  the  value  of 
the  constants  b,  c,  Tc>  etc.,  defined  in  the  preceding  section. 

Table  1  gives  the  results  on  the  experimental  porcelains  made  up  in  the  ceramic  laboratory  of 
the  bureau.  The  composition,  heat  treatment,  etc.,  corresponding  to  each  of  these  specimens, 
is  given  in  Tables  6  and  7. 

Table  2  gives  similar  data  on  cup  specimens  which  have  been  submitted  by  various  porce- 
lain manufacturers  in  connection  with  their  development  work. 

Table  3  gives  results  on  various  other  materials  which  were  obtained  in  the  form  of  cru- 
cibles, tubing,  etc.,  by  the  laboratory. 

Tables  4  and  5  contain  the  results  on  American  and  foreign  spark  plugs,  respectively. 

Table  G  gives  the  compositions  and  firing  temperatures  (in  terms  of  Ortou's  pyrometric 
cones)  of  the  various  materials  listed  in  Table  1 .  The  various  calcines  mentioned  in  this  table 
are  described  in  Table  7. 

The  numerical  values  in  the  tables  are  in  each  case  the  average  of  the  results  of  all  the 
samples  tested  of  the  same  material,  but  in  many  cases  only  one  sample  was  tested.  Unfor- 
tunately, the  variation  in  Te  observed  in  different  specimens  of  what  was  supposed  to  be  the 
same  material  sometimes  amounts  to  as  much  as  50°  C,  and  this  variation  should  be  borne  in 
mind  in  comparing  the  results  on  different  materials. 

It  should  also  be  noted  that  where  both  cup  and  plug  samples  of  nominally  the  same  mate- 
rial were  tested  the  latter  usually  showed  decidedly  lower  resistance.  Three  explanations  for 
this  may  be  suggested : 

First.  The  materia)  is  made  up  by  a  somewhat  different  process,  the  cup  specimens  being 
molded  under  slight  pressure  while  the  plugs  are  extruded  through  a  die. 

Second.  Surface  leakage  and  conduction  through  the  glaze  may  have  been  present  in  the 
plug  specimens  and  not  in  the  cups. 

Third.  The  cup  specimens  being  especially  prepared  for  test,  may  have  been  made  up  with 
greater  care  than  the  plugs. 

CONCLUSIONS. 

The  following  conclusions  seem  evident  from  the  data  given  in  the  tables. 

Quartz  is  by  far  the  best  of  the  materials  tested  as  far  as  resistance  at  high  temperature  is 
concerned,  although  several  of  the  laboratory  porcelain  bodies,  such  as  77  and  78,  approach  this 
fairly  closery.  The  mica  plugs  show  fairly  high  resistivity,  but  it  should  be  noted  also  that  this 
material  loses  its  water  of  crystallization  at  temperatures  approaching  1,000°  C.  and  becomes 
very  soft  and  friable. 

Several  of  the  porcelains  recently  developed  in  this  country  for  aviation  work  are  very 
notably  superior  to  the  majority  of  the  porcelains  tested. 

The  steatite  and  liajah  porcelains  from  Germany  are  not  notably  high  in  resistivity,  and 
therefore  the  very  high  reputation  as  spark  plug  insulators  which  these  materials  had  before  the 
war  was  apparently  not  due  to  their  resistivity.  The  French  porcelains  are  on  the  whole  not  us 
good  as  the  more  recent  American  bodies.  This  may  account  for  the  preference  for  mica  plugs 
shown  in  the  former  country. 
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Table  1. — Bureau  of  Standards  cups. 


Cup  No.— 

6. 

C. 

Jvi-'SisMvlly 

HI  .MA/  V. 
P  WO 

lilt      .,1   Ml    II   1  T 

Effective 
temp.  °C. 
R. 

0. 0135 

13. 58 

6. 8 

560 

.  0089 

9.50 

.  11 

390 

.  0070 

9.  09 

.39 

440 

.  0089 

9.33 

.08 

370 

.  0096 

10.30 

.32 

450 

.  IIIISo 

9.27 

.  10 

380 

.  1 II  IS.) 

9.  04 

.  062 

358 

. 1)1 )S4 

9. 34 

.  14 

400 

.  0108 

11.02 

.  42 

460 

.  010!I 

10. 34 

.  078 

400 

.  0125 

10. 84 

.  039 

390 

.  Illicit 

9. 28 

.  19 

410 

.  0091 

9.  62 

.  12 

400 

.  0105 

10.26 

.  10  ■ 

410 

.0076 

9.07 

.  19 

400 

.  0113 

10. 43 

.  000 

390 

.0119 

10.  77 

.  066 

400 

.  0090 

10.85 

2. 2 

540 

.0097 

10.46 

.41 

460 

72  1 

.0008 

10.  89 

.40 

500 

73  

.0081 

9.64 

.39 

450 

74  i  

.0099 

12.37 

26 

640 

77  

.  0065 

11.  17 

83 

800 

78  

.0006 

11.21 

81 

790 

.0080 

11.  11 

13 

640 

88  

.0092 

11.38 

6 

590 

94  1  . 

.0119 

13.32 

23 

620 

.0089 

11.58 

IS 

630 

.0083 

9.96 

.65 

480 

108  

.0089 

10.18 

5.4 

610 

116  

.0071 

11.  18 

43 

730 

119  

.0075 

11.51 

88 

730 

152  •  .... 

.0073 

11.03 

24 

690 

.0074 

10.  77 

12 

640 

i  Average  two  determinations.     '  Average  live  determinatious.     *  Average  three  determinations. 


Table  2. — Cups  from  manufacturers. 


Maker. 

No. 

b. 

c. 

Resistivity 
at  500°  0. 

/'  MO 

megohms. 

Effective 
teimx  °C. 

2 

0.0071 

9.82 

1.9 

540 

3 

.0088 

10.83 

2.7 

550 

JetTery  Dewltt  

5 

.0091 

11.98 

27 

660 

11 

.0083 

11.11 

9.1 

620 

17 

.  0O7.5 

10.57 

6.6 

610 

Heroin  

151 A 

.0092 

9.65 

.11 

400 

577 

.  0076 

10.24 

2.8 

560 

315 

.0114 

10. 12 

.026 

360 

280 

.  0107 

9.74 

.025 

350 

775 

.oosn 

11.  II) 

12 

640 

French  town  

775X 

.  0080 

11. 14 

14 

640 

rr.-.m; 

.1111*1 

10.  76 

3.6 

570 

28BG 

.0087 

10.  10 

.56 

470 

Frenchtown  

783 

.0090 

10. 20 

.50 

470 

741 

.0077 

10.  70 

7. 1 

610 

56 

.0064 

9.80 

4.0 

590 

Brunt  

150' 

.0069 

O.^S 

2.1 

550 

154 

.  0067 

11.81 

9.1 

600 

lottery  Dewltt  (supply  Ohanplon  Toledo  plugs).  Frenchtown  (supply  Bethlehem  and  other  plugs).  Champion  Ignition  Co.  (supply  A.  C 
rir.ui  plugs). 


Table  3. — Miscellaneous  specimens. 


Material. 

6. 

c. 

Resistivity 
at  500°  C. 

P  AM 

megohms. 

Effective 
terno.  °C. 

l'yrex  crucible  

QuarU  

0. 0081 
.  0094 
.0092 
.0214 
.0065 
.0049 
.0034 

10.43 
9.56 
9.14 
13.5 
11.7 
10.28 
8.35 

2.4 
.072 
.035 
.00083 
2S2.0 
68 
4.5 

550 
380 
340 
350 
880 
870 
690 

9S 
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Table  4. — American  plugs. 


Plug. 


No. 


PORCELAIN. 

Bethlehem   Oil 

Bethlehem  Aviation   1688 

Berkshire   128 

(3141 )  Champion  ■   231-041 

champion  (old)  

Champion  (Toledo)   LS12 

Champion,  Toledo  (3450)   1823 

B.  S.  Champion.  Toledo   3496 

Do   3518 

Harding's  insul  

Do  i,  !  Red. 

Do  -   <!ray. 

Do   Hercules. 

Coors,  Herold  ,  

Do   C-4  | 

Do.1  ,   C-5  I 

DufTv'  

Fren'chtown  ,  Beth.  A  via.  i 

Do   36 

Do   884  [ 

Hercules   1818 

M  osier  *  I        793-022  1 

Mohawk  I  

Randall   45 

Kajah  ((ierman) 1  

Rajah  (Empire)1   45 

Rajah  (Coors)  

Red  Head   .036 

Titan  A.  C»   15.458 

CicoA.  C  ,  

Valve  ulng   .02S 

AValdch-IVorcester   .YI 

MICA. 

Splitdorf   *73 

Splitdorf,  C  J  •  ,   1819 

Bethlehem   307  | 

Berkshire   110  I 

GLASS. 

Anderson   294 

Do.<   653 

SO   655 

LAVA. 

Duffy  

'J.  I   X  16  I 

STKATITK. 

Hen  Bougie   332 

Do   1827 


0.0070 

.  now 

.  0095 
.0078 
.  (10X2 
.  00.88 
.IKH'.l 
.0053 
.  0032 
.0042 
.  0124 
.0102 
.0077 
.0065 
.00S6 
.0070 
.  0069 
.0093 
.00SS 
.  1X16(1 
.0057 
.0084 

.0087 
.0075 
.0078 
.0073 
,0080 

.00711 
.0079 
.0052 
.0056 
.0009 


.0078 
.0078 
.ill  13 
.  0053 


.  moo 
.0158 
.012* 


.00ti4 
.0058 


.0098 
.009S 


8.97 
7.  S2 
9. 05 
9.32 
9. 63 
10.  74 
8.56 
8.77 
7. 16 
7.56 
11.54 
10.47 
10. 15 
8.10  I 
9.29 
8.87  ! 
9.18 
10.  67 
11.23 
8.50 
8.69 
9.  51 
9.52 
9.22 
S.61 
X.30 
8. 86 
7.08 
8.57 
7.01 
8.50 
S.30 


8,  os 

9.59 
18. 73 
9.25 


8.88 
10.  87 
9.70 


8.51  I 
9.2.5 


9. 63 


I.Ogio  ft". 


fl.  69 
&  40 
9.47 
9.77 

in.  no 
10.99 
8.81 
S.  92 
7.31 
7.92 
12.05 
11.25 
10.81 
8.37 
9.  .56 
9.14 
9.62 
10.74 
11.48 
9.07 
9.  35 
10.  16 
10.01 
9.79 
X.K8 
8.47 
S.93 
7.74 
9. 21 
7.63 
X.61 
8.75 


10.  2S 
10.79 
15.00 
9.93 


9.35 
12.  IS 
11.111 


9.20 
10.17 


10.  16 
12.37 


Resistivity 
at  500°  C. 

P  M0 

megohms. 


0.72 
.58 
.42  . 
.45 
.37 
.25 
.25 

.15 

.15 

.36 

.51 

.78 

.66 

.27 

.27 

.27 

.44 

.064 

.25 

.57 

.66 

.66 

.49 

.57 

.07 

.171 

.07 

.66 

.63 

.61 

.  11 

.45 


1.20 
1.20 
1.  25 
.08 


.17 
I.  31 
1.31 


.69 
.92 


.53 
.54. 


1.55 
.22 
.052 
.74 
.79 

3.99 
.58 

1.9 
.« 
.66 
.71 

1.4 

9.1 
.13 
.18 
.44 

1.5 

1.23 
12.0 
.59 

3.36 
.91 
.46 

1.0 
.060 
.0S3 
.085 
.00K 
.18 
.117 
.65 
.20 


2.4 
7.8 
71.0 
19.0 


Resistance 
at  500"  C. 

R  500 
megohms. 


.  099 
.02 
.04 


1.00 
18.0 


.18 
39.0 


0.36 

.  059 

.020 

.26 

.34 
2.  19 

.32 
1.32 

.36 

.29 

.22 

.23 
1.99 

.07 

.098 

.23 

.54 
1.05 
6.8 

.16 

.69 

.20 

.15 

.29 

.05 

.056 

.072 

.0019 

.01 

.026 

.50 

.07 


.  15 
.  15 

3.  SO 
3.98 


.008 
.001 
.002 


.20 
.240 


.  054 
8.5 


>  Average,  of  eight  determinations. 
2  Average  o(  two  determinations. 


•  Average  of  four  determinations, 

•  Pyrox  and  glass. 


Table  5. — Foreign  plugs. 


Plug. 

B.  S. 
No. 

Materia], 

6 

a 

c 

l.ogwft'. 

Resistivity 
at  500° 
p  urn 
megohms. 

Resistame 
at  500°  C. 

R.  500  . 
megohms. 

Effective 
temp. 
"C.  Jc. 

Re  'V  

Oleo  

•foly'  

456 
439 
421 

 do  

 do  

0. 0096 

.00811 

.0085 
.0066 
.0078 

9.51 
9.10 
9.39 
8.46 
8.57 

10. 53 
10.U7 
10.  26 
9.19 
9.15 

1.02 
.97 
.86 
.76 
.58 

0.54 
.61 

1.0 
.78 
.18 

0. 051 
.063 
.14 
.14 
.047 

470 
470 
300 
480 
400 

'  Average  three  determinations. 
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Table  6. — Spark  plug  compositions. 


U.  S.  body  No. 

Georgia  kaolin. 

Florida  kaolin. 

North  Carolina  kaolin. 

Delaware  kaolin. 

■2 

a 

i 

s 

"3 

V 

a 
'5 
9 

Flint. 

Whiting. 

Tennessee   ball  clay 
No.  5. 

N 
a 

— 

3 
B 

w 

1 

Calcined  Florida  kao- 
lin. 

Calclne-kaoline,  equal 

parts  ot  four. 

Calcine  No.  3. 

6 
| 

c 

Calcine  No.  20. 

Calcine  No.  13. 

Calcine  No.  14. 

1  • 

11 
B  5 

©  C 

EpS 

2  a 

~  c 

s" 

16 
17 
18 
22 
23 
24 
28 
32 
35 
36 
39 
40 
47 
48 
49 
50 
55 
63 
70 
72 
73 
74 
77 
78 
79 
88 
94 
95 
107 
109 
116 
119 
152 
180 

P.ct. 

11.25 
11.25 
11  25 
11.25 
11.25 
12.50 
12.50 
13. 75 
13.75 
13. 75 
13.75 
15.00 
15.00 
12.  .'.ii 
12.50 
12.75 
12.50 
12.50 
12.50 
10.00 
10.00 

P.ct. 
11.25 
11.25 
11.25 
11  25 
11.25 
12.50 
12.60 
13.  75 
13.  75 
13.  75 
13.  75 
15.00 
15.00 
12.50 
12.50 
12.  75 
12.50 
12.50 
12.50 
9.00 
9.00 

P.ct. 

11  25 
1 1 . 25 
IL'Jt 
11.25 
11.25 
12. 50 
12.50 
13.  75 
13.75 
13.  75 
13.  75 
15.00 
15.00 
12.50 
12.50 
12.75 
12.50 
12.50 

12  50 
9.00 
9.00 

P.ct. 
11.25 
1 1 . 25 
11.25 
11.25 
11.25 
12.50 
12. 50 
13.75 
13.75 
13. 75 
li.  75 
15.  GO 
15.00 
12.50 
12.50 
12.7.-. 
12. 50 
12.50 
12.50 
9.00 
9.00 

P.ct. 
16.00 
18.00 
20.00 
28.00 
30.00 
16.00 
24.  fX) 
1  1  :,.i 
20.50 
22.50 
28.50 
16.00 
30.00 
24.00 
22.00 
25.00 
28. 50 
13.50 
16.40 
22.00 
17.60 

P.ct. 
39.00 
37  00 
35  00 
27.00 
25.  (X) 
34.00 
26.00 
29.  00 
23.00 
21.00 
15.00 
24.00 
10.00 
5.00 
12.00 

P.cl. 

P.ct. 

P.cl. 

P.ct. 

p.ct. 

P.ct. 

P.cl. 

P.ct. 

P.cl. 

P.cl. 

P.ct. 

10  down. 
15  down. 
14  down. 
14  half  over. 



15  down. 

14  half  over. 
Do. 

1 2  down. 

Do. 
Do. 

13  down. 
10  down. 

14  down. 

Do: 
Do. 
1 4  half  over. 

16  down. 

14  down. 
13  down. 

Do. 
Do. 
Do. 
Do. 
Do. 

15  half  over 

16  down. 
20  down. 
12  down, 
16  down. 
18  down. 

Do. 
16  down. 
20  down. 

1.50 
1.30 
1.50 
1.50 

1.00 
1.00 
1.50 
1.50 

20.00 

22.50 

20.00 
35.00 

1.00 

4.10 

28.50 

5.00 
5.00 
7.50 
5.00 
5.00 
7.50 

4.40 

36.00 

7.50 
5.00 
5.00 
7.50 

85.00 

S5.0II 
SO. IX) 
75.00 

1.25 
2.50 
2.50 
12.50 
11.25 
10.  (HI 
10.00 
8.00 
12.50 
12.50 
7.50 
6.87 

1.25 
2.50 
2.50 
12. 50 
11.25 
10.00 
10.00 
8.00 
12. 50 
12.50 
7.50 
6.87 

1.25 
2.  .50 
2. 50 
12.50 
11.25 
10.00 
13.50 

1.25 
2.  .50 
2.50 
12.50 
11.23 
10.00 
13.  .50 
9.00 
12.  .50 
12.50 
7.50 
27.50 



8.  (XI 
17.60 

30.00 

12.00 
4.40 

A  1,0, 
33.00 

42.1X1 
21.00 

KgCO, 
10.00 

14.  (X) 

4.00 
10.00 

4.00 
10. 00 

Calc.8A 
2O.00 

35.  (XI 

12.50 
12.50 
7.50 
27.75 

30.00 
30.00 

20.00 

20.00 
20.00 

MgCO, 

5.00 
4.58 

5.00 
4.58 

40.  m 

A  1,0, 
11.52 

5. 75 

4.58 

Table  7. — Spark  plug  calcines. 


li.  of  S.  calcine.  No. 

MgCO,. 

Kaolin. 

Flint. 

Calcines, 
A  1,0,. 

Boric  acid. 

Calcining 
lempera- 
ture. 

Per  cent. 
39.59 
14.40 
23.85 
18.20 

Per  cent. 
60.50 
44.30 
76. 15 
56.00 
70.20 


Per  cent. 

Pet  cent. 

Pcrcint. 

Cine. 
10 
12 

8  A  

41.30 

13  

12 
13 
20 
16 

14  

25.80 



19  

27.80 

2.00 

20  

34.30 

65.70 

Page  intentionally  left  blank 
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PART  III. 


PREPARATION  AND  COMPOSITION  OF  CERAMIC  BODIES  FOR  SPARK  PLUG 

INSULATORS.1 

Bv  A.  V.  Bleininqer. 


RfiSUMfi. 


In  airplane  engines  the  porcelain  of  the  spark  plugs  is  subjected  to  severe  conditions, 
involving  high  temperatures,  sudden  heating  and  cooling  effects,  and  mechanical  stresses. 
To  be  perfectly  suited  for  the  purpose,  the  material  must  remain  a  good  electrical  insulator  at 
the  maximum  temperature  reached,  should  not  be  subject  to  permanent  volume  changes, 
should  possess  constant  thermal  expansion,  and  must  be  strong  and  tough. 

Porcelains  possessing  such  qualities  have  been  developed  in  the  Pittsburgh  laboratory  of 
the  Bureau  of  Standards.    The  compositions  of  the  best  types  are  as  follows: 

Porcelain  No.  152. 

Per  cent. 

Georgia  kaolin   10 

Florida  kaolin   10 

North  Carolina  kaolin   10 

Delaware  kaolin   10 

Calcine  No.  19  1   40 

Calcine  No.  14   20 

The  compositions  of  the  calcines  are: 

Calcine  No.  19.      Calcine  No.  14. 

Kaolin                                                                                                     70. 20  56. 00 

Alumina   27.  80   

Magnesium  carbonate  (precipitated)   18. 20 

Potters  flint   25. 80 

Boric  acid   2.00   

Porcelain  No.  194. 

Per  cent. 

Beryl  35.0 

Georgia  kaolin   12.5 

Florida  kaolin   12. 5 

North  Carolina  kaolin   12.  5 

Delaware  kaolin   12.5 

Potters  flint   15.0 

PORCELAINS  FOR  SPARK  PLUGS. 

The  average  commercial  porcelain  does  not  fulfill  the  conditions  required  for  spark-plug 
service,  nor  for  any  other  conditions  where  high-tension  currents  are  employed,  and  the  tem- 
perature is  considerably  above  atmospheric  conditions.  From  the  standpoint  of  the  electrical 
resistance  at  the  temperatures  reached  in  airplane  engines,  the  feldspathie  porcelains  begin  to 
break  down  at  a  rate  rapidly  increasing  with  temperature,  due  to  electrolytic  effects.  This  is 
indicated  also  by  the  polarization  which  is  observed  in  using  direct  current.  The  leakage  thus 
taking  place  may  become  a  serious  factor. 


i  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  23. 
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This  average  porcelain  is  likewise  not  constant  in  volume;  and  these  volumetric  changes 
are  greater  than  can  be  explained  solely  by  thermal  expansion.  Aside,  from  the  thermal 
expansion,  the  quartz  content  of  porcelain,  when  heated  or  cooled,  is  subject  to  certain  modi- 
fications in  crystalline  structure,  accompanied  by  definite  volume  changes.  Thus,  the  form 
of  quart/,  permanent  at  atmospheric  temperature  is  alpha  quart/.,  which  inverts  to  beta  quart/, 
at  570°  C.  a  transformation  which  is  reversed  by  cooling.  On  the  other  hand  if.  in  the  firing 
of  porcelain,  the  quart/,  is  inverted  to  its  high  temperature  form,  eristobalite.  there  is  again 
the  transformation  of  the  alpha  to  the  beta  mollification  to  be  considered,  which  takes  place 
at  230°  C.  In  either  case,  Volume  changes  are  unavoidable  in  all  porcelains  containing  free 
quartz  in  large  amounts,  due  to  the  inversion  noted.  In  a  good  spark-plug  porcelain,  the 
quartz  should  be  eliminated  from  the  compound  and  replaced  by  a  substance  not  subject  to 
these  inversions. 

Another  defect  of  the  ordinary  porcelain  is  that  the  coefficient  of  thermal  expansion  is 
by  no  means  constant  at  different  temperatures.  It  may  be  19  X  10~6  between  30 — 200°  0 
and  5  X  10-6  between  400-  500°  V. 

With  respect  to  mechanical  strength,  also,  great  variations  are  possible.  A  series  of  tests 
of  commercial  electrical  porcelains,  conducted  at  the  Pittsburgh  laboratory  of  the  Bureau  of 
Standards,  showed  differences  in  the  modulus  of  elasticity  varying  from  1,600,000  to  6,000.000. 

For  the  purpose  of  studying  porcelains  from  the  standpoint  of  their  electrical  conduc- 
tivity at  the  high  temperatures  obtaining  in  airplane  ignition  systems,  a  large  number  of 
typical  compositions  were  made  up  in  the  form  of  the  test  cups  illustrated  in  figure  2  of  Part 
II  of  this  report.  These  mixtures  were  usually  prepared  in  10-kilogram  batches,  carefully 
weighed  out  and  ground  wet,  in  porcelain-lined  ball  mills  for  three  hours.  The  suspension  of 
clay  was  pumped  into  a  filter  press  to  remove  the  water,  and  then  kneaded  in. a  mixing  machine 
to  the  consistency  required  for  shaping  the  mass  on  the  potters  wheel.  This  was  done  by  the 
use  of  plaster  molds  in  which  the  cups  were  "jiggered"  in  the  usual  manner  in  which  pottery 
is  made.  The  specimens  were  then  dried,  placed  in  lire-clay  containers  (saggers)  and  burned 
in  a  down-draft  kiln  fired  with  natural  gas  to  the  finishing  temperature.  The  latter  was  con- 
trolled both  by  means  of  thermocouples  with  the  necessary  galvanometers,  and  pyrometric 
cones,  made  by  Edward  Orton,  Columbus.  Ohio.  Each  cup  was  examined  for  nonabsorption 
by  the  application  of  ink.  The  testing  of  the  specimens  was  done  at  the  Washington  labora- 
tory as  described  in  Part  II  of  this  report.  The  characteristic  expression  for  the  resistivity 
of  the  porcelains  is  the  Tc  value  which  represents  the  temperature  in  °(\  at  which  a  cubic 
centimeter  of  the  material  still  shows  a  resistance  of  one  megohm. 

REPLACEMENT  OF  FELDSPAR. 

Upon  comparing  the  Tt  values'  of  the  different  porcelains  it  was  noted  that  there  exists 
no  definite  relation  between  the  composition  and  the  electrical  conductivity.  On  the  other 
hand,  the  higher  the  maturing  temperatures  of  the  porcelains,  the.  higher  was  the  Te  value. 
This  is  practically  equivalent  to  saying  that,  roughly  speaking,  the  electrical  resistance  at 
higher  temperatures  is  the  greater  the  lower  the  feldspar  content,  since  small  amounts  of  this 
flux  make  it  necessary  to  carry  the  porcelain  to  a  higher  burning  temperature.  The  relation, 
however,  is  not  well  defined,  as  may  be  observed  from  the  results  compiled  in  the  following  table: 


Tahlk  I. 


No.  of  bod  J*. 

Feldspar. 

Maturing 
temperature 
in  cones. 

Te  value. 

Ptr  tent. 

16 

It) 

16 

560 

17 

IS 

u 

390 

18 

20 

14 

440 

22 

38 

>  14 

370 

23 

30 

13 

4.50 

1  Half  over. 
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It  is  quite  evident  that  the  micro-structure  of  the  porcelains  is  an  important  factor  in  this 
connection,  since  it  can  not  be  immaterial  how  much  kaolin  or  quartz  has  been  dissolved  by 
the  fused  feldspar  and  how  much  sillimanite  has  been  formed.  The  evidence,  however,  was 
considered  sufficient  to  warrant  the  replacement  of  the  feldspars  by  other  fluxes,  the  oxides  of 
magnesium  and  beryllium  being  used  for  this  purpose. 

Owing  to  the  evolution  of  carbon  dioxide  during  the  firing  process  from  magnesite,  and 
the  artificially  prepared  basic  magnesium  carbonate,  and  the  very  largo  shrinkage  accom- 
panying their  use  as  a  flux,  it  was  decided  to  introduce  the  magnesia  in  the  form  of  a  calcine ; 
that  is,  a  silicate  mixture  previously  fired  to  a  point  close  to  vitrification.  The  mixtures  em- 
ployed for  this  purpose  correspond  to  the  formula:  MgO  A1,03  2Si02;  MgO  A1,03  4SiO,,  and 
MgO  AljO,  6Si02.  Of  these,  the  first  and  the  second  were  most  used  in  this  work.  The  prepar- 
ation of  the  calcines  consisted  in  dry  ball  mill  grinding  and  firing  the  mixture  made  up  into 
halls  with  just  sufficient  water.  After  calcination,  the  material  was  crushed  and  ground  and 
introduced  into  the  bodies  in  this  form.  The  beryllium  oxide  was  brought  in  through  the  use 
of  the  mineral  beryl  (which  has  the  genera!  composition  3BeO  A1,03  6Si02)  without  any  previous 
treatment. 

With  the  use  of  magnesia  as  the  principal  llux,  the  electrical  resistance  and  hence  the 
value  Te,  was  found  to  increase  quite  decidedly,  though  wit  h  no  well-delined  regularity  as  referred 
to  percentage  content  of  magnesia.  It  was  seen  again  in  this  connection,  that  the  structure  of 
the  porcelain  plays  an  important  part  especially  as  it  is  known  that  MgO  accelerates  the  crys- 
tallization of  sillimanite  most  vigorously.  Not  only  the  number  but  also  the  size  of  the  silli- 
manite crystals  is  of  significance  in  determining  the  texture  of  the  body,  whether  it  is  to  be  fine 
grained,  glassy,  or  coarsely  crystalline.  The  rate  of  cooling  the  porcelain  is  likewise  of  import- 
ance, since  a  rapid  drop  in  temperature  invariably  causes  the  structure  to  be  closer  and  of  more 
vitreous  character  than  when  a  longer  time  is  taken  in  cooling  down  the  kiln.  For  this  reason 
smaller  kilns  are  to  be  preferred  to  larger  ones,  since  they  require  less  time  in  cooling  at  a 
given  rate.  The  effect  of  magnesia  added  in  the  form  of  synthetic  silicate,  is  strikingly  shown 
by  the  high  Te  values  of  bodies  Nos.  77  and  78.    See  Table  IV. 

It  is  a  fact  that  the  magnesium  silicates  show  electrolytic  effects  which  are  much  less 
prominent  than  when  feldspar,  an  alkali-aluminum  silicate  (K,0  A1203  6Si02)  is  used  as  a  flux. 
It  likewise  appears  that  the  higher  the  firing  temperature  of  the  porcelain  the  greater  its  elec- 
trical resistance,  at  temperatures  up  to  700°  C,  or  somewhat  above  this  point. 

With  reference  to  the  use  of  beryllium  oxide  it  was  found  that  this  flux  behaves  similarly 
to  the  magnesia  in  showing  high  electrical  resistance  and  Te  values.  This  is  indicated  by  the 
following  table: 

Table  II. 


No. 

Beryl. 

Kaolin. 

Flint 

Matiinns 
temperature 
of  porcelain 

in  cones. 

Te 

Per  cent. 

Per  crnt. 

Per  crnt. 

193 

25 

50 

25 

12 

624 

35 

50 

11 

784 

m 

45 

50 

11 

798 

It  is  evident  from  these  results  that  beryllium  oxide,  used  in  the  form  of  the  mineral  beryl, 
is  a  valuable  llux  from  the  standpoint  here  under  consideration.  It  requires,  however,  careful 
temperature  control  in  firing,  since  the  beryllium  porcelain  is  subject  to  sudden  deformation 
as  the  vitrification  temperature  is  exceeded.  The  experiments  have  proven  that  beryllium 
oxide  is  worthy  of  consideration  for  the  production  of  such  porcelain,  and  the  high  Te  value 
obtained,  798,  is  exceedingly  promising.  The  firing  temperature  of  these  bodies  is  quite  low, 
from  cones  1 1-12. 

Another  interesting  fact  developed  with  reference  to  the  thermal  expansion  of  the  beryl- 
lium porcelain,  which  was  found  to  be  lower  than  that  of  the  feldspathic  bodies  commonly 
employed.  The  average  coefficient  was  found  to.be  1.63  X  10-6  for  the  temperature  interval 
26—200°  C;  2.95X1Q-'  for  200—400°;  3.60X10-*  for  400—570°;  and  2.33x10-"  for  26—400°. 
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REPLACEMENT  OF  QUARTZ. 

From  a  general  study  of  porcelains,  it  appears  desirable  to  eliminate  the  quartz,  as  has  been 
pointed  out  in  a  previous  paragraph.  Some  of  the  materials  available  for  this  purpose  are 
calcined  kaolin,  synthetically  prepared  sillimanite  (A1,03  SiO,),  and  sintered  or  fused  alumina 
and  zirconium  oxide.  These  substances  have  been  introduced  in  a  number  of  compositions. 
The  effect  of  adding  calcined  kaolin  in  general  was  beneficial ;  and  even  with  a  feldspar  content 
of  13.5  per  cent  (body  No.  63),  a  fair  Te  value,  540,  was  obtained.  This  particular  composition 
contained  50  per  cent  raw  kaolin,  13.5'  per  cent  feldspar,  1.5  per  cent  calcium  carbonate,  and 
35  per  cent  calcined  kaolin.  The  maturing  temperature  of  this  porcelain  was  that  correspond- 
ing to  cone  No.  16.  It  is  evident  that  by  raising  the  content  of  calcined  kaolin  still  more  at. 
the  expense  of  the  feldspar  a  higher  Te  value  would  be  obtained.  The  introduction  of  plastic 
ball  clay  to  replace  kaolin,  invariably  and  in  all  types  of  bodies,  reduces  the  electrical  resistance 
within  the  temperature  range  here  under  consideration. 

The  use  of  fused  alumina  in  any  extensive  work  was  prohibited  by  the  lack  of  material  low 
in  iron  content.  The  commercial  substance  (alundum)  is  unsuited  for  this  purpose.  The  total 
amount  of  white  fused  alumina  available  was  not  more  (ban  2  pounds.  To  bring  about  the 
necessary  impervious  and  dense  structure  the  use  of  17.6  per  cent  of  feldspar  was  required.  A 
mixture  consisting  of  45  per  cent  kaolin,  17.6  per  cent  feldspar,  4.4  per  cent  calcine  No.  13, 
and  33  per  cent  of  aluiulum,  resulted  in  a  very  tough  porcelain  which  showed  a  Te  value  of  620. 
Calcine  No.  13  was  compounded  according  to  the  formula  MgO  A1203  2Si02  from  84  parts,  by 
weight,  of  magnesium  carbonate  and  25X  of  plastic  kaolin  from  Florida  and  Georgia.  Here 
again  the  reduction  of  the  feldspar  content  and  its  replacement  by  calcine  No.  13,  or  beryl,  or 
a  combination  of  these  two  would  be  certain  to  raise  the  Te  value  considerably  and  at  the  same 
time  would  result  in  a  porcelain  of  excellent  mechanical  properties.  The  cost  of  the  fused 
white  alumina  would  be  quite  high,  but  would  be  justified  under  the  circumstances.  Further- 
more, a  single  calcine  could  be  readily  produced  by  combining  the  raw  materials  of  calcine 
No.  13,  the  kaolin  and  magnesite,  with  uncalcined  alumina  from  any  convenient  source,  and 
firing  the  mixture  to  a  point  of  constant  volume,  which  could  be  accomplished  at  temperatures 
not  exceeding  cone  No.  18.  At  the  same  time  this  procedure  would  simplify  the  process  of 
preparation  very  considerably. 

Sillimanite  (Al203Si02)  is  a  normal  component  of  all  hard  fired  porcelain;  and  this  con- 
stituent, if  not  present  in  the  form  of  large  crystals,  imparts  to  the  material  constancy  in 
volume  upon  heating,  lowers  the  thermal  expansion,  increases  the  refractoriness,  and  the  resist- 
ance to  sudden  heating  and  cooling.  For  this  reason  it  was  thought  desirable  to  produce 
the  mineral  synthetically  and  to  introduce  it  in  the  porcelain  composition  in  place  of  the 
quartz.  This  was  done  by  combining  70.20  per  cent  of  plastic  kaolin,  27.80  of  anhydrous 
alumina,  and  2  per  cent  of  boric  acid.  After  grinding  this  mixture  in  the  dry  state  in  a  ball  mill, 
it  was  made  up  with  water  to  form  a  plastic  mass  which  was  molded  into  balls  calcined  to  a 
temperature  corresponding  to  that  of  cone  No.  20,  or  approximately  1,530°  C.  At  this  tem- 
perature the  mass  sintered  to  a  dense  structure,  subject  to  but  little  additional  shrinkage 
and  containing  only  a  small  amount  of  uncombined  alumina.  The  boric  acid  was  added  to 
assist  in  bringing  about  the  necessary  shrinkage  and  closing  up  of  the  pores,  and  it  is  quite 
probable  that  most  of  this  constituent  is  volatilized  s:t  the  final  temperature  of  the  calcination. 
This  calcine  (No.  19)  was  then  crushed  separately,  passed  over  a  magnetic  separator,  and  then 
ground,  together  with  the  other  materials  of  the  bodv  with  the  addition  of  water,  in  the  ball  mill. 
In  preparing  this  type  of  body  the  feldspar  was  eliminated  on  the  basis  of  the  results  discussed 
above,  and  replaced  by  a  calcine  corresponding  to  the  formula  MgO  Al3Os  4SiO,  (No.  14). 
This  porcelain  (No.  152)  was  composed  of  30  per  cent  of  kaolin,  10  per  cent  of  ball  clay,  40  per 
cent  of  sillimanite  calcine,  and  20  per  cent  of  fluxing  calcine  No.  14,  and  fired  to  a  temperature 
of  cone  No.  16  or  higher.  The  resultant  material  had  excellent  mechanical  qualities  and  an 
average  T,  value  of  690.  The  structure  of  this  body  should  be  fine  and  dense,  a  condition 
which  requires  quite  rapid  cooling  of  the  kiln.  Slower  cooling  results  in  the  formation  of  coarser 
sillimanite  crystals  which  cause  a  structure  much  less  resistant  to  sudden  heating  and  cooling. 
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The  preparation  of  this  body  may  be  simplified  by  the  combination  of  the  two  calcines  into 
one,  thus,  by  employing  the  composition  of  the  flux  No.  13  (MgO  A],03  2Si02)  the  combined 
calcine  would  be  composed  of  75.10  per  cent  plastic  kaolin,  S.77  per  cent  magnesite,  and  16.13 
per  cent  anhydrous  alumina.  The  boric  acid  content  has  been  eliminated.  Body  No.  152 
would  then  consist  of  30  per  cent  of  kaolin,  10  per  cent  of  ball  clay,  and  60  per  cent  of  the  com- 
bined calcine.  Wherever  the  working  conditions  permit  the  ball  clay  should  be  eliminated, 
and  an  elfort  made  to  employ  the  body  containing  40  per  cent  of  plastic  kaolin,  which  can 
usually  be  done  by  allowing  the  mixture  to  age  before  molding  it. 

The  tendency  of  the  body  to  crystallize  may  be  diminished  also  by  replacing  the  fluxing 
calcine  in  part  by  beryl,  so  that  these  two  components  are  present  in  the  ratio  of  1 :1.  If,  then, 
the  combined  fluxing  and  sillimanite  calcine  is  employed,  the  resultant  composition  would  be 
kaolin,  60.94  per  cent;  anhydrous  alumina,  18.39  percent;  boric  acid,  1.32  percent;  magnesite, 
4.58  per  cent  ;  beryl,  14.78  per  cent.  The  body,  as  before,  would  consist  of  60  per  cent  of  this 
calcine  and  40  per  cent  of  kaolin.  The  fusion  point  of  this  mixture  is  so  low  that  it  would  be 
quite  possible  to  eliminate  the  boric  acid  entirely.  At  the  same,  time  the  vitrification  point  of 
the  body  is  lower  and  closer  to  the  normal  kiln  temperatures. 

Attention  might  be  called  to  the  fact  that  the  use  of  a  siliceous  porcelain  is  not  objectionable 
from  the  electrical  standpoint  but  only  from  consideration  of  the  mechanical  strength,  resist- 
ance to  sudden  temperature  changes,  etc.  This  is  shown  by  the  results  upon  high  silica  porce- 
lains, bodies  Nos.  1 1 6  and  119,  which  show  a  very  high  Te  value,  namely  730.  This  type  of  por- 
celain contains  50  per  cent  of  clay,  30  per  cent  of  free  quartz  (flint),  and  20  per  cent  of  magnesia 
calcine.  In  No.  116,  the  calcine  corresponds  to  the  formula  MgO  Al,Os  2Si02,  and  in  No.  119 
to  MgO  Al,Os  4Si02.  It  is  fair  to  state  those  porcelains  would  give  excellent  results,  considered 
from  the  dielectric  standpoint,  when  used  under  conditions  not  so  extreme  with  reference  to 
temperature  and  shock  as  is  the  case  with  spark  plugs  used  in  airplane  engines. 

Zirconium  oxide  was  used  only  in  two  porcelains,  due  to  the  comparatively  limited  supply 
available.  The  material  at  hand  was  zircon  which  contained  52.74  per  cent  of  ZrO,  and  43.46 
per  cent  of  silica.  As  received,  the  mineral  was  high  in  iron,  which,  however,  was  eliminated 
by  treatment  with  chlorine  at  a  temperature  of  800°  C.  In  this  manner  all  but  a  trace  of  the 
iron  was  removed.  Owing  to  the  fact  that  these  zircon  porcelains  were  produced  comparatively 
early  in  the  work,  feldspar  was  employed  as  the  flux.  The  result  was  that  the  electrical  resist- 
ance, and  hence  the  Te  value,  was  low,  being  500  and  450,  respectively.  With  the  use  of  the  mag- 
nesia or  beryllium  fluxes  much  better  products  could  undoubtedly  be  produced.  The  mechan- 
ical strength  of  these  porcelains  was  excellent  in  every  respect.  The  composition  of  these  bodies, 
Nos.  72  and  73,  is  given  in  Table  IV. 

The  effect  of  the  quartz  in  porcelain  upon  the  thermal  expansion  of  the  body  is  shown  by 
the  results  compiled  in  Table  III. 

Table  III. 


No. 


114 
116 
117 
IIS 

120 
152 


Clay. 


r  Cl  III  . 

50 
50 
50 
50 
50 
40 


Quartz 
(flint). 


MgO  cal- 
cine. 


Per  cent. 
20 
30 
20 
30 
20 


Per  cent. 

30 
'  20 

30 

20 

30 

20 


Formula  of  MgO  cal- 
cine. 


Per  cent. 
MgO  AljOjOSiOj... 
MgO  AIfo,2SiOs... 
MgO  Aljbi  2SK>j... 
MgO  A|,0,  4S10j... 
MgO  Ali034SiO,... 
MgO  Al,0,4SiOs... 


Silli- 
manite 
calcine. 


Per  tent. 


40 


Coefficient  of  thermal  expansionxlO*. 

30-200  "C. 

200-400  °C. 

400-550  °C. 

30-400  °C. 

19.45 

9.35 

5.52 

13.99 

7.34 

6.11 

4.68 

6.68 

S.93 

4.43 

4.05 

6.51 

19.61 

11. 13 

8.  OS 

15.03 

10.45 

5.43 

4.45 

7.74 

3.36 

4.19 

4.78 

3.81 

It  is  at  once  evident  from  a  comparison  of  these  figures  that  the  thermal  expansion  of  these 
magnesia  porcelains  increases  with  the  silica  content  of  the  body,  and,  at  the  same  time,  is 
subject  to  decided  variation  within  the  temperature  limits  of  30°-550°  C.  On  the  other  hand 
the  porcelain  in  which  the  clay  content  is  lower,  and  all  the  quartz  has  been  replaced  by  silli- 
manite, shows  both  the  lowest  thermal  expansion  and  the  least  variation  in  the  value  of  the 
coefficient.  However,  the  composition  is  not  the  only  determining  factor,  and  the  importance 
of  the  micros  true  ture  must  be  realized. 
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CONCLUSIONS. 

The  work,  the  results  of  which  have  heen  given,  has  been  successful  in  showing:  First,  the 
injurious  qualities  imparted  to  electrical  porcelains  by  the  use  of  feldspar  as  a  flux;  and  second, 
in  bringing  out  the  desirability  of  replacing  the  quartz  by  minerals  or  synthetically  prepared 
materials  which  are  more  constant  in  volume  when  heated.  The  remedial  procedures  advocated 
are,  hence:  (1)  The  replacement  of  feldspar  by  other  fluxes,  such  as  silicates  of  the  type 
MgO  A1,03  2Si03,  or  MgO  A120,  4SiO,.  or  other  silicates  of  beryllium  and  the  alkaline  earths, 
either  natural  or  prepared  artificially.  (2)  The  elimination  of  quartz  and  the  substitution  of 
substances  not  subject  to  inversions  or  other  volume  changes.  These  ma}-  be  highly  calcined 
kaolin,  alumina,  zircon,  or  sillimanite,  either  natural  or  produced  synthetically. 

The  compositions  of  the  most  typical  porcelains  produced  in  this  work  are  compiled  in 
Tables  IV,  V,  and  VI,  and  the  Te  value  is  given  for  each  body,  so  that  these  tabulations  may  be 
consulted  for  detailed  information. 

All  of  the  electrical  measurements,  as  well  as  the  determinations  of  the  thermal  expansion  of 
the  porcelains,  have  been  made  in  the  Washington  laboratories  of  the  Bureau  of  Standards. 


Table  IV. 


Number  of  body. 

16 

17 

18 

22 

23 

24 

28 

32  35 

36 

39 

40 

Perct. 
45.00 
16.00 
39.00 

Perct. 
45.00 
18.00 
37.00 

Per  ct. 
45. 00 
20.00 
35. 00 

Per  ct. 
45.00 
28.00 
27.00 

Perct. 
45.00 
30.00 
25.00 

Prr  ct. 
50.00 
16.00 
34.00 

Per  ct. 
50.00 
24.00 
26.00 

Per  cl. 
55.00 
14.50 
29.00 
1.50 

Per  cl. 
55.00 
20.50 
23.00 
1.50 

Per  ct. 
55.00 
22.50 
2100 
1.50 

Perct. 

m 
28.50 
15.00 
1.50 

Per  ct. 
60.00 
16.00 
24.00 







Te  value  

g 
560 

15 
390 

14 
440 

11 
370 

13 
450 

15 
380 

14 

358 

14 
400 

12 
460 

12 
400 

12 
390 

13 
410 

Number  of  body. 

47 

40 

50 

63 

70 

" 

73 

74 

77 

78 

79 

Perct. 
60.00 
30.00 
10.00 

Perct. 
50.00 
24.00 
5.00 
1.00 

Perct. 
50.00 
22.00 
12.00 
1.00 

Perct. 
51.00 
25.00 

Per  ct. 
50.00 
28.50 

Perct. 
50.00 
13.50 

Perct. 
50.00 
16.40 

Prr  ct. 
37.00 
22.00 

Prr  ct. 
37.00 
17.60 

Perct. 

Prrct.  Perct. 
5  00  10.00 

Perct. 
10.00 

Potters  flint  





Whiting  (CaCo,)  

1.50 

1.50 

1.50 

1.00 

5.00 

5.00 

15.00 

10.00  10.00 

15.00 

20.00 

15.00 

20.00 

35.00 

4.10 
28.50 

4.40 

Calcine  No.  19  

22.50 



Calcine  No.  20...'.....  

.... 

85.00 

85.00  80.00 

75.00 

36.00 
13 
500 

:«;  i  h  i 
13 
450 

Te  value  

10 
400 

14 
410 

14 
400 

14 
390 

14 
400 

16 
540 

14 
460 

13 
640 

13  13 
800  790 

13 
640 

Number  of  body. 

88 

94 

95 

107 

log 

116 

152 

180 

193 

194 

195 

Per  ct. 
50.011 
8.00 
30.00 

Per  ct. 
45.00 
17. 60 

Perct. 
40.00 

Per  ct. 
17.00 
14.00 
21.00 
10.00 
8.00 

Per  ct.    Pir  ct. 
25.00  50.00 

Per  ct. 
30.00 

Per  ct. 
69.00 

Perct. 
40.00 

Perct. 
40.00 

Per  ct. 
40.00 

42.00 

30.00 

5.75 
4.58 
9.15 

25.00 

15.00 

5.00 

Ballclav  

20.00 
35.00 
20.00 

10.00 

10.00 

10.00 

10.00 

Calcine  No.  13  

12.00 

4.40 

20.00 

18.00 

20.00 
40.00 



Calcine  AiiOi  

33  00 

11.52 

25. 00 
12 

35.00 
11 

45.00 
11 

15 
590 

16 
620 

20 
630 

12 
480 

16 
610 

18 
730 

16 
690 

20 
640 
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Table  VI. — Compositions  of  calcines. 


Calcine 
No. 

MgCoj. 

Kaolins. 

Flint. 

Calcined 
AljOa. 

Boric  acid. 

Calcination 
tempera- 
ture cone. 



3 

8-A 
13 

a 

19 
20 

Per  cent. 
39. 50 
14.40 

23.85 
1S.20 

Per  cent. 
60.50 
44.30 
76.15 
56.00 
70.20 

Per  cent. 

Per  cent. 

Percent. 

10 
12 
12 
13 
20 
16 

41.30 

25.  SO 

27.80 

2.00 

34.30 

55.70 

Page  intentionally  left  blank 


REPORT  No.  53. 

PART  IV. 


CEMENTS  FOR  SPARK-PLUG  ELECTRODES. 

By  H.  F.  Staley. 


RESUME. 


Considerable  trouble  bas  been  caused  in  airplane  engine  work  tbrougb  tbe  breaking  of  tbe 
central  electrode  of  spark  plugs. 

An  investigation  of  this  problem  by  the  Bureau  of  Standards  shows  that  in  many  cases  the 
cement  used  to  hold  the  nickel  electrode  wire  in  the  porcelain  is  of  such  a  nature  that  it  rapidly 
cats  away  the  wire  through  oxidization,  when  exposed  to  the  high  temperature  of  the  engine 
cylinder.  A  cement  composed  of  silicate  of  soda  and  raw  kaolin  has  been  found  to  give  the  least 
trouble  in  this  respect. 

In  cases  where  the  cement  holds  the  wire  firmly  in  the  porcelain  the  latter  often  cracks  when 
subjected  to  heat  due  to  the  difference  in  the  coefficients  of  thermal  expansion  of  the  wire  and 
the  porcelain.  The  breaking  of  the  porcelain  does  not  seem  to  be  due  to  leaky  spark  plugs  as 
has  often  been  supposed  to  be  the  case. 

On  account  of  the  difficulties  attending  the  use  of  any  form  of  cement  between  the  porcelain 
and  central  electrode,  the  elimination  of  the  cement  and  the  use  of  a  mechanical  seal  at  the  top 
of  the  porcelain  is  greatly  to  be  desired.  In  such  a  plug  only  a  porcelain  strong  enough  to  safely 
withstand  the  resulting  stresses  should  be  used.  The  porcelain  recently  developed  by  the 
Bureau  of  Standards  is  believed  to  meet  these  requirements. 

CEMENTS  FOR  SPARK-PLUG  ELECTRODES. 

Considerable  trouble  has  been  experienced  in  the  operation  of  airplane  engines  due  to 
breaking  of  the  central  electrode  wires  in  spark  plugs  at  the  point  where  they  enter  the  porcelain. 

Examination  of  numerous  broken  spark  plugs  showed  that  at  the  point  of  failure  the  central 
electrode  wire  was  oxidized  practically  through  its  cross  section,  this  oxidization  extending  up 
into  the  spark  plug  a  variable  distance,  depending  upon  the  permeability  of  the  cement  with 
Which  the  wire  was  surrounded.  In  some  cases  the  cement  had  melted  and  run  down  along  the 
wire.  It  was  apparent  from  the  nature  of  the  failures  that  in  order  to  thoroughly  study  the  prob- 
lem, the  composition  of  the  electrode  wire,  porcelain  insulator  and  the  cement  used  to  secure 
the  wire  to  the  insulator,  must  be  investigated. 

The  material  in  common  use  for  central  electrodes  in  the  spark  plugs  bought  by  the  Gov- 
ernment for  airplane  service  is  known  as  "97  per  cent  spark  point  nickel  wire."  The  following 
are  typical  analyses: 

Analyses  of  wire. 

Laboratory  No   47134  47135 

Nickel   97.0%  96.9% 

Manganese   1. 5       1. 6 

Iron   0.  8       0. 9 

Copper.   0. 4       0. 2 

i  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  ol  Standards  Aeronautic  I'ower  Plants  Report  No.  33. 
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Thermal  expansion  of  wire. 

Interval:  Average  coefficient. 

25  to  200°  C   14X10-* 

200  to  400°  C  ,   16 

400  to  600°  C   16 

600  to  840°  C   20 

25  to  840°  C   17 

In  the  composition  of  porcelain  insulators  several  spark-plug  manufacturers  use  modifica- 
tions of  Bureau  of  Standards  body  No.  152,  the  thermal  expansion  of  which  is  as  follows: 

Thermal  expansion  of  porcelain. 
Interval:  Average  coefficient. 

30  to  200°  C   3.  36X10-" 

200  to  400°  C   4.19 

400  to  520°  C   4. 78 

30  to  400°  C   3.81 

30  to  510°  C   4.06 

In  the  case  of  the  cements  used  between  the  wire  and  porcelain,  it  developed  that  most  of 
these  consisted  of  a  mixture  of  silicate  of  soda  with  finely  powdered  solids,  winch  were  supposed 
to  be  chemically  inert.  Barium  sulpbate  was  the  solid  used  by  the  manufacturer  whose  plugs 
gave  the  most  trouble,  while  another  maker,  whose  plugs  are  used  in  large  quantities  for  air- 
plane work,  employed  finely  ground  silica.  Silicate  of  soda  cements  are  advantageous  for  this 
work  because  they  are  cheap,  can  be  worked  cold,  and  are  gas  tight  at  low  temperatures. 

To  determine  the  effect  of  various  cements  on  electrode  wires,  mixtures  were  made  of 
silicate  of  soda  and  typical  powdered  materials.  Small  pellets  of  these  mixtures  were  worked 
around  commercial  nickel  electrode  wires  and  after  drying  at  120°  C,  the  wires  and  adhering 
pellets  were  heated  in  an  oxidizing  atmosphere  to  1,000°  C,  which  approximates  the  tempera- 
ture at  the  tip  of  the  porcelain  in  an  airplane  engine  in  operation.  After  cooling,  the  pellets 
were  broken  off  and  the  wire  beneath  them  examined.    The  results  are  given  in  Table  I. 

From  Table  I,  it  appears  that  the  solids  used  do  not  act  simply  as  inert  material.  In  the 
second  case  in  this  table,  for  instance,  the  reaction  probably  is  as  follows: 


Na20  •  Si02  +  BaSO,  =  Na2S04  +  BaO  ■  SiO; 


The  reactions  in  the  other  cases  are  too  problematical  to  be  worth  discussion  here.  It  is 
sufficient  to  say  that  raw  kaolin  was  found  to  be  the  best  solid  for  use  in  spark  plug  cements 
since  it  absorbed  the  sodium  silicate  as  fast  as  it  melted  and  produced  an  impervious  mass. 
The  oxidation  is  greatly  accelerated  by  contact  with  fused  alkaline  substances. 

Attempts  were  made  to  seal  the  wires  into  the  porcelain  after  heating  by  means  of  glasses 
ranging  in  coefficient  of  thermal  expansion  from  that  of  the  porcelain  to  that  of  the  wore. 
None  of  these  attempts  have  so  far  been  successful,  for  in  cooling,  the  glass  pulled  away  either 
from  the  porcelain  or  from  the  wire.  Special  wire,  with  a  coefficient  of  thermal  expansion 
about  equal  to  that  of  porcelain,  has  been  ordered.    These  experiments  will  then  be  repeated. 

As  a  part  of  this  investigation,  a  visit  was  made  by  a  representative  of  the  bureau  to  a 
spark  plug  factory  where  all  porcelains  were  subjected  to  a  sudden  heating  test,  in  which  the 
tip  of  the  porcelain  was  placed  in  the  flame  of  a  Meker  burner.  The  porcelains  were  uniformly 
passing  this  test.  When  it  was  suggested  that  porcelains  containing  electrodes  be  tested  in 
the  same  manner,  it  was  found  that  45  per  cent  of  the  porcelains  cracked.  As  the  residt  of 
actual  engine  tests  of  complete  plugs  at  the  bureau,  it  has  been  found  in  general  that  in  the 
cracked  plugs  the  cement  is  holding  well,  the  failure  being  due  to  the  difference  in  coefficient  of 
thermal  expansion  between  the  porcelain  and  nickel  wire,  which  sets  up  so  high  a  stress  between 
the  two  parts  of  the  plug  that  one  or  the  other  has  to  give  way.  This  conclusion  is  confirmed 
by  the  fact  that  in  the  above  factory  tests,  on  the  55  per  cent  of  plugs  that  did  not  fail,  either 
cement  was  absent  from  around  the  wire  near  the  tip  of  the  porcelain  or  else  it  softened  and 
gushed  out  of  the  hole. 
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The  subject  of  gas  leakage  of  spark  plugs  in  relation  to  failure  of  the  central  electrode  has 
also  been  studied.  While  considerable  work  has  been  done  in  determining  the  gas  leakage  of 
new  plugs  in  view  of  the  above  results,  it  appeared  advisable  to  determine  leakage  on  plugs 
that  had  been  used  in  an  airplane  engine.  In  Table  2  are  given  the  results  of  examination  of,  a 
typical  lot  of  40  plugs.  The  following  information  will  be  of  assistance  in  reading  this  table. 
Of  the  12  broken  plugs,  6  leaked  badly  and  6  did  not  leak  at  all.  Of  those  that  leaked  badly, 
4  contained  loose  wires  and,  in  the  case  of  one  of  these,  the  wire  could  be  pulled  out  easily. 
It  is  evident  that  tests  for  gas  leakage  on  new  plugs  give  no  indication  of  their  gas  leakage  in  use 
and  that  this  leakage  does  not  necessarily  produce  broken  porcelains. 

In  conclusion  it  may  be  stated  that  on  account  of  the  difficulties  incident  to  the  use  of  cement 
between  the  electrode  wires  and  porcelains  in  spark  plugs,  the  elimination  of  the  cement  entirely 
and  the  use  of  a  mechanical  seal  at  the  top  of  the  porcelain  is  greatly  to  be  desired.  The 
mechanical  stress  incident  to  the  use  of  such  seals  should  be  localized  at  the  top  of  the  plug. 
The  typo  of  porcelain  developed  by  the  bureau,  has  sufficient  strength  to  withstand  the  necessary 
stresses.  At  least  two  manufacturers  of  spark  plugs  are  following  up  the  suggestions  of  the 
bureau  along  this  line  and  tests  of  these  plugs  are  to  be  carried  out  as  soon  as  samples  are  received. 

Table  I. — Effect  of  cements  on  electrode  wires. 


Coraent 
No. 


Sodium 
silicate  40° 
OS.,  c.  c. 


10 

5 

7 
5 
10 

-  5 

10 

5 
10 
10 
10 
10 
10 

Wire  dipped 
Clean  wire. 


Water, 
c.  c. 


Solid. 


Grams. 


9 
4 

13 
8 
8 
16 
14 
12 

in  40°  Bi 


30 
30 
15 
15 
15 
15 
30 
30 
30 
30 
.30 
30 

sodium 


Kind. 


Powdered  silica . 


 do  

Barium  sulphate. 


....do  

....do  

 do  

Kaolin  

Al.  oxide  

Kaolin  

Al.  oxide  

....do  

....do  

Kaolin  calcined  at  500°  C  

Kaolin  calcined  at  750°  C . . . 
Kaolin  calcined  at  1,000°  C. 
Kaolin  calcined  at  1,250°  C . 
silicate  


Effect  of  heating  to  1,000°  C 


Oxidation  o(  wire. 


Description  of  cement. 


Very  bad  ,  Hard,  strong,  slightly  porous.  Part  of  material 

had  run  down  the  wire. 


 do  

Eaton  through . 

 do  

None.. 


Do. 

Part  of  material  had  melted  and  run  down  wire, 
leaving  a  hard  blue  mass  behind. 
Do. 

Hard,  strong,  very  slightly  porous. 


do  i  Hard,  strong,  not  porous. 

Very  bad   Soft,  weak,  porous. 

  Do. 


.do  

.do  

.do  

....do  

....do  

....do  

....do  

....do  

Slight  


.  Softrjowdcry mass. 

.  Hard,  weak,  porous. 
Do. 

.  Soft  weak,  porous. 

.  Medium,  hard,  weak,  porous. 


Table  2. — Gas  leakage  around  electrode  wires  in  spark  plugs  that  had  been  used  for  1\  hours  in  a  Liberty  engine. 


Porcelain 
broken. 

Porcelain 
not  broken. 

Leakage 
bad. 

Leakage 
moderate. 

No 
leakage. 

Wire  loose. 

Wire  easily 
pulled  out. 

12 

>  6 

4 

1 

0 

28 

17 

12 
3 

9 
2 

if 

Total  12 

28 

23 

8  ' 

9 

19 

12 

1  Part  of  those  may  have  been  broken  while  the  plugs  wore  being  removed  from  the  engines. 
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EFFECT  OF  TEMPERATURE  AND  PRESSURE  ON  THE  SPARKING  VOLTAGE.' 

By  L.  B.  Loeb  and  F.  B.  Silsbee. 


RfiSUME. 

The  investigation  described  in  this  report  was  conducted  at  the  Bureau  of  Standards  for 
the  National  Advisory  Committee  for  Aeronautics. 

The  spark  discharge  used  to  fire  an  internal  combustion  engine  must  pass  through  the 
comprossed  and  heated  mixture  which  occupies  the  engine  cylinder  near  the  end  of  the  com- 
pression stroke.  The  object  of  the  experiments  described  in  this  report  was  to-  determine 
how  the  voltage  necessary  to  produce  such  a  spark  discharge  varies  with  the  pressure  and 
temperature  of  the  gas.  Tho  results  are  of  value  in  showing  what  voltage  an  ignition  system 
is  required  to  deliver  in  order  to  produce  a  spark  and  in  enabling  one  to  set  up  in  the  laboratory 
a  convenient  experimental  gap  electrically  equivalent  to  that  in  the  engine  cj'linder. 

Measurements  were  made  on  spark  plugs  screwed  into  a  bomb  containing  compressed  air, 
and  inserted  in  an  electric  furnace  so  that  both  pressure  and  temperature  could  be  varied  as 
desired.  The  sparking  voltages  were  measured  on  foui  plugs,  having  different  electrodes,  at 
pressures  up  to  100  pounds  per  square  inch  and  temperatures  up  to  500°  C.  Both  60-cycle 
alternating  current  and  current  obtained  from  a  magneto  were  used.  The  observed  voltages 
are  plotted  against  pressure  in  plots  2,  3,  4,  and  7,  and  against  density  in  plot  5. 

The  results  show  that  the  sparking  voltage  is  a  linear  function  of  the  density  of  the  gas  and 
depends  upon  pressure  and  temperature  only  as  they  affect  the  density,  i.  e.,  heating  a  gas  at 
constant  volume  does  not  affect  the  sparking  voltage.  For  a  typical  spark  plug  gap  set  at 
0.5  mm.  (0.020  inch)  tho  sparking  voltage  was  found  to  be  2,800  volts  at  atmospheric  density 
and  9,400  volts  at  a  density  five  times  as  great. 

The  data  given  in  this  report  were  obtained  on  ah  only.  The  l  csults  of  measui  ements  made 
elsewhere  indicate  that  the  sparking  voltage  in  an  explosive  mixture  of  gasoline  and  air  is  about 
10  per  cent  less  than  in  pure  air,  and  that  the  change  in  voltage  is  proportional  to  the  amount 
of  gasoline  present. 

INTRODUCTION. 

This  report  describes  some  experiments  made  to  determine  the  change  of  spark  potential 
with  pressure  and  temperature,  in  order  to  determino  the  necessary  minimum  potential  for 
causing  sparks  to  pass  in  a  gasoline  engine  whose  compression  ratio  was  known  and  in  which 
the  temperature  of  the  gases  boforo  ignition  could  be  estimated. 

According  to  the  simple  theory  (J.  J.  Thomson,  Conduction  of  Electricity  through  Gases; 
Townsend,  Electricity  in  Gases;  and  Peek,  Transactions  of  the  American  Institute  of  Electrical 
Engineers,  1910-1916)  the  sparking  potential  depends  solely  on  tho  density  of  the  gas  between 
the  electrodes  for  a  given  fixed  pair  of  electrodes,  i.  e.,  on  the  total  number  of  molecules  between 
the  electrodes.  This  has  been  investigated  over  a  considerable  range  of  pressures,  spark  dis- 
tances, and  forms  of  electrodes  by  numerous  observers,  but  only  three  investigators  have 
studied  the  effect  of  temperature,  and  then  only  over  a  limited  range.  They  all  found  that  the 
sparking  potential  depended  solciy  on  the  density  of  the  gas  over  the  range  studied. 

In  the  study  of  airplane  spark  plugs  it  seemed  advisable  to  determine  whether  this  law  held 
for  pressures  and  temperatures  which  might  occur  in  the  c}dindcrs  of  a  high  compression  engine 


'  This  Kcporf  was  confidentially  circulated  during  the  war  as  liureau  ol  Standards  Aeronautic  Tower  Plants  Report  No.  14. 

115 


116 


ANNUAL,  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


just  before  the  ignition  of  the  charge.  In  airplane  engines  the  maximum  compression 
pressures  under  normal  conditions  range  from  90  to  130  pounds  per  square  inch  with  temperatures 
up  to  300 c  C. 

APPARATUS. 

The  experiments  were  conducted  as  follows:  An  ordinary  J-inch  Titan  A.  C.  porcelain 
plug  was  screwed  into  a  steel  bomb  about  25  cm.  (10  inches)  long,  having  the  design 
indicated  in  figure  1.  There  was  a  thick  glass  window  opposite  the  sparking  terminals  when 
the  plug  was  screwed  in  position.  A  high-pressure  air  tank  connected  to  the  bomb  through 
suitable  valves  served  to  regulate  the  air  pressure  to  any  desired  value.  Temperatures  were 
measured  by  a  Pt,  Pt-Iih  thermocouple,  B.  S.  Wo,  which  was  inserted  in  a  steel  tube  sealed  at 
one  end  with  walls  J  mm.  (0.020  inch)  thick.  This  was  screwed  into  the  bomb  so  that  its 
inner  end  was  within  1  cm.  ot  the  sparking  terminals  of  the  plug.  The  bomb  was  placed  in 
a  cylindrical  electric  resistance  furnace  and  packed  with  asbestos  wooi,  so  that  only  the  porcelain 
insulatoi  was  exposed  at  one  end,  while  the  window  projected  out  about  5  cm.  (2  inches)  beyond 
the  other  end. 

Sixty-cyclo  voltage  was  supplied  through  a  step-up  transformer  having  a  ratio  of  200:1 
and  applied  between  the  central  electrode  and  the  bomb.  A  resistance  of  220,000  ohms  was 
put  in  sei  ies  with  the  plug  to  avoid  an  excessive  current  and  consequent  burning  of  the  terminals 
when  the  spark  passed.  The  voltage  was  read  on  a  voltmeter  connected  to  the  low-tension  side 
of  an  auxiliary  step-down  transformei.  The  passage  oi  the  spark  was  made  evident  both  by 
the  kick  of  the  voltmeter  and  by  tho  appearance  of  the  spark  in  the  bomb.  Ionization  was 
provided  for  by  the  use  of  a  half  milligram  sample  of  radium  in  most  of  tho  experiments,  while 
in  some  a  50-mgm.  sample,  placed  just  below  the  electric  furnace,  was  also  used.  This  ionization 
served  to  eliminate  the  complicating  effect  of  spark  "lag"  and  mado  the  readings  much  more 
consistent  and  reliable.  No  stiiking  difference  in  the  readings  could  be  noticed  with  the  two 
diffeient  samples. 

The.  tests  were  run  on  three  Titan  plugs:  No.  1  had  the  regular  terminals  of  Ni-Mn  wire 
1.3  mm.  (0.051  inch)  in  diameter  set  at  right  angles  and  separated  by  1.8  mm.  (0.071  inch); 
No.  2  was  a  Titan  plug  with  similar  terminals  3.13  mm.  (0.123  inch)  in  diameter  rounded  at  the 
ends,  separated  by  1.2  mm.  (0.047  inch);  No.  3  was  a  plug  like  No.  1  but  with  a  distance  of  2.2 
mm.  (0.086  inch)  between  tho  wires.  In  each  case  the  spark  passed  between  the  cylindrical 
surfaces  of  the  wires  near  tho  point  of  closest  proximity. 

PROCEDURE. 

Tho  readings  were  taken  as  follows:  The  temperature  was  run  up  to  the  desired  value 
and  held  constant  from  15  minutes  to  half  an  hour.  There  were  fluctuations  at  the  higher 
temperatures  of  as  much  as  10  degrees  either  way  so  that  a  mean  temperature  was  chosen 
as  representing  the  true  conditions.  The  breakdown  voltage  of  the  gap  was  then  determined 
by  at  least  10  trials  for  each  pressure.  Tho  pressure  was  increased  in  steps  of  10  pounds  per 
square  inch.  The  pressures  were  read  by  two  small  pressure  gauges  whose  ranges  were  from 
0  to  100  pounds  per  square  inch.  The  spark  potentials  were  read  to  as  high  a  pressure  as  it 
was  possible  to  obtain  without  the  sparks  passing  over  the  outside  of  the  insulator.  Then  the 
pressure  was  reduced  in  steps  of  20  pounds  and  readings  again  made.  As  a  whole  the  return 
readings  checked  the  first  readings  well.  This  can  be  seen  from  the  plots  where  maximum 
sparking  voltage  is  plotted  against  the  pressure  for  each  temperature.  As  the  voltage  which 
could  be  used  without  sparking  over  the  outside  of  the  porcelain  was  about  19,000  volts,  no 
voltages  were  measured  above  this.  The  pressure  range  over  which  the  measurements  could 
be  carried  out  started  from  60  pounds  at  room  temperature  and  increased  until  at  200°  C,  or 
thereabouts,  pressures  of  100  pounds  could  be  used. 

From  then  on  the  prosaures  were  limited  with  increasing  temperat  ures  by  a  new  phenomenon 
which  may  have  been  caused  by  electron  emission  from  the  hot  terminals  at  high  voltage. 
Under  these  conditions  the  spark  was  replaced  by  a  sort  of  purple  brush  discharge  (corona) 
which  came  on  gradually  as  the  voltage  was  increased. 
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It  was  at  first  thought  that  this  glow  discharge  might  be  an  important  factor  in  causing 
ignition  trouble.  Further  measurements  were  therefore  made  in  the  same  apparatus  but 
with  a  Bosch  D-6  magneto  as  a  source  of  voltage.  With  this  arrangement  no  brush  discharge 
could  be  detected  although  the  observations  were  carried  to  760°  C.  Above  600°  C.  the  elec- 
trical conductivity  of  the  porcelain  insulator  was  great  enough  to  prevent  the  magneto  from 
sparking  at  the  higher  pressures,  but  there  was  no  sign  of  brush  discharge  under  any  conditions. 
It  i3  probable  that  a  certain  time  is  required  for  such  a  discharge  to  form  and  that  the  very 
sudden  application  of  voltage  produced  by  the  magneto  does  not  admit  of  this. 

RESULTS. 

The  curves  plotted  between  maximum  sparking  potentials  in  kilovolts  and  pressure  in 
atmospheres  may  be  seen  in  plots  2,  3,  and  4.  The  results  represented  by  all  these  curves, 
except  the  one  for  low  temperature  measurement  with  the  larger  terminals  could  be  repeated 
consistently.  It  is  possible  that  a  stronger  source  of  ionization  should  have  been  provided, 
and  the  voltage  increased  still  more  slowly  in  this  case.  The  slight  curvatures  of  the  lines  may 
be  due  in  part  to  the  gauges,  since  no  calibration  corrections  were  applied.  The  direction  of  the 
curvature  is  the  samo  as  that  noted  by  other  observers. 

The  data  given  in  the  curves  were  analyzed  by  first  reading  from  each  of  the  curves  the 
pressure  corresponding  to  a  given  voltage,  say  10,000  volts.  From  this  pressure  and  the  tem- 
perature pertaining  to  the  curve,  the  relative  density  of  the  gas  is  then  computed  by  the  formula : 


where  80  is  the  density  at  1  atmosphere  and  273°  absolute,  P  is  the  pressure  in  atmospheres, 
and  T  the  absolute  temperature  in  degrees  centigrade.  This  was  done  for  six  different  volt- 
ages on  each  plug.  Table  I  gives  the  results  on  plug  No.  1  at  10,000  and  8,000  volts,  and  is 
typical  of  the  other  data.  It  is  evident  that  the  densitites  thus  obtained  are  constant  within 
a  few  per  cent  over  the  entire  range  and  show  no  systematic  change  with  temperature  or 
pressures. 

Table  I. 


Temperature  Abs. 

Density  at 

10,000  volts. 

8,000  volts. 

2.51 

1.83 

2.46 

1.80 

2.27 

1.80 

533°  

2.3S 

1.78 

700"  

2.59 

1.96 

2.45 

1.83 

It  may  therefore  be  concluded  that  the  breakdown  voltage  is  a  function  of  the  gas  density 
only.  To  determine  the  form  of  this  function  the  average  values  of  density  obtained  as 
described  above  are  plotted  against  the  corresponding  voltage  in  plot  5.  The  curves  thus 
obtained  show  that  the  breakdown  voltage  is  a  linear  function  of  tho  density  but  is  not  pro- 
portional to  it.    The  data  can  be  represented  by  the  following  equations: 

Plug  No.  1  £,=  2.2  +  3.1  P 

Plug  No.  2  £=1.8+4.0  P 

Plug  No.  3  £=2.4+3.4  p 

Where  £  is  the  sparking  voltage  in  kilovolts  and  p  is  the  density  relative  to  air  at  atmos- 
pheric pressure  and  0°  C.  The  constants  in  these  equations  are  of  courso  dependent  upon  the 
shnpe  and  spacing  of  tho  electrodes,  and  would  be  smaller  for  the  case  of  the  shorter  0.5mm 
(0.020  inch)  gaps  used  in  spark  plugs. 
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In  addition  to  tho  measurements  with  alternating  current  described  above,  a  second  series 
of  teste  was  made,  using  a  Bosch  D-6  magneto  as  the  source  of  e.  m.  f.  and  a  special  crest  volt- 
meter equipment1  to  measure  the  breakdown  voltage. 

This  equipment  consisted  of  an  Albrecht  electrostatic  voltmeter  connected  in  series  with 
a  G.  E.  kenotron  (electric  valve)  as  shown  in  figure  6.  This  valve  permits  current  to  fiow 
when  tho  heated  filament  F  is  negative  with  respect  to  the  relatively  cold  anode  A,  but  allows 
no  current  to  flow  in  the  reverse  direction.  Consequently,  a  negative  charge  accumulates  on 
the  insulated  conductoi,  formed  by  the  anode  and  the  case  of  the  electrometer,  of  such  amount 
that  when  the  sparking  electrode  and  voltmeter  needle  are  at  their  greatest  positive  potential 
tho  filament  and  anode  are  at  the  same  potential,  and  there  is  no  tendency  for  further  charging. 
During  the  rest  of  the  time  the  needle  of  the  voltmeter  is  near  ground  potential,  but  the  rectify- 
ing effect  of  the  kenotron  prevents  the  charge  from  leaking  off.  Consequently  the  meter  comes 
to  a  steady  deflection  which  measures  the  maximum  positive  voltage  applied. 

Runs  were  made  with  this  apparatus  at  temperatures  of  460°  C.  and  520°  C.  up  to  pres- 
sures of  150  pounds  por  square  inch,  using  a  Champion  (Toledo)  plug  No.  4  with  X-bend  elec- 
trodes set  with  the  usual  spacing  of  0.5  mm.  (0.020  inch).  The  results  as  obtained  are  plotted 
in  plot  7  and  the  combined  data  from  these  curves  arc  plotted  against  relative  density  in 
plot  5,  giving  a  line  whose  equation  is 

£=l.l+1.7p. 

These  measurements  with  the  magneto  and  crest  voltmeter  showed  tho  presence  of  a  fur- 
ther complication  due  to  the  fact  that  the  heat  of  the  spark  raised  the  temperature  of  the  elec- 
trodes very  materially.  This  in  turn  heated  the  gas  near  them  so  that  the  discharge  occurred 
through  gas  which  was  decidedly  less  dense  than  the  surrounding  atmospheie.  This  was 
indicated  by  the  fact  that  at  fust  starting  the  magneto  the  vokmeter  showed  a  relatively  high 
voltage  (in  one  case  4,100  volts),  which  decreased  gradually  for  nearly  a  minute,  after  which 
it  remained  constant  at  a  much  lower  value  (2,350  volte).  The  time  required  for  the  change 
implies  very  strongly  that  it  is  a  purely  thermal  effect  rather  than  any  ionization  due  to  the 
preceding  sparks,  since  the  latter  effect  would  be  almost  instantaneous.  In  the  case  of  a  spark 
plug  in  an  engine  cylinder,  the  central  clentrode,  being  insulated  thermally  as  well  as  electri- 
cally by  the  core,  is  much  hotter  than  the  incoming  charge  and  consequently  this  effect  may 
be  piesent  to  some  extent. 

As  a  check  upon  the  laboratory  data  measurements  were  also  made  in  a  Hall-Scott  A-5 
aviation  engine  having  a  compression  ratio  of  4.2:1.  Owing  to  the  late  closing  of  the  intake 
valve  and  the  advance  of  the  spark,  the  actual  ratio  of  cylinder  volume  at  intake  to  that  at 
ignition  was  only  3.2:1.  If  it  can  be  assumed  that  tho  charge  in  the  cylinder  is  at  atmospheric 
pressure  and  temperature  at  the  closing  of  the  intake  valve,  then  the  relative  density  at  igni- 
tion will  be  3.2.  Plug  No.  4  was  run  in  this  engine  firing  from  a  Dixie  "88"  magneto.  The 
crest  voltage  as  measured  by  the  kenotron  was  found  to  be  5,950  volte.  Measurements  with  a 
calibrated  spark  gap  having  I  cm.  spheres  indicated  4,500  volte.  The  voltage  predicted  for 
this  density  from  figure  5  is  6,400  volte. 

In  comparing  these  results  it  must  be  borne  in  mind  that  the  crest  voltmeter  loses  its 
charge  very  slowly,  so  that  it  really  indicates  tho  highest  peak  occurring  during  two  or  three 
minute-s  preceding  tho  reading.  Tho  parallel  spark  gap,  on  the  other  hand,  is  adjusted  to  fire 
about  half  the  time  and  probably  gives  more  nearly  tho  average  crest  voltage.  It  appears, 
therefore,  that  the  results  obtained  in  the  laboratory  are  in  substantial  agreement  with  those 
found  on  tho  engine,  and  that  the  linear  relation  between  voltage  and  density  may  be  safely 
applied  to  ignition  circuits. 

It  will  be  noted  that  the  results  shown  in  plot  5  can  be  represented  roughly  by  a  straight 
line  through  the  origin,  such  as  is  shown  dotted,  and  which  indicates  a  direct  proportionality 
between  the  sparking  voltage  and  density.  This  relation  will  be  found  useful  in  cases  where 
the  voltage  is  known  at  some  one  density  and  it  is  desired  to  estimate  it  for  another  density 


i  Sharp,  C.  H.,  Electrical  World,  69,  p.  556,  1917. 
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not  too  widely  different.  It  is  unsafe,  however,  to  use  this  law  of  direct  proportionality  to 
extrapolate  over  a  long  range  from  the  sparking  voltage  at  normal  atmospheric  density  to  that 
at  a  very  high  density. 

CONCLUSIONS. 

These  experiments  confirm  the  relation  that  the  breakdown  voltage  of  a  spark  gap  depends 
only  upon  the  density  of  the  gas  and  varies  with  pressure  and  temperature  only  as  they  affect 
tho  density.  This  relation  is  found  to  be  valid  up  to  800°  C.  and  8  atmospheres  pressure. 
Both  tho  pressure  and  temperature  of  the  charge  in  a  gasoline  engine  increase  very  greatly 
during  the  compression  stroke,  but  the  sparking  voltage  can  be  computed  from  the  linear 
relations  shown  in  plot  5  without  a  knowledge  of  these  variables  separately,  since  the  density 
is  determined  solely  by  the  original  density  and  the  compression  ratio.  For  small  changes  in 
density,  as  between  engines  of  different  compression  ratios,  the  assumption  that  the  voltage  is 
proportional  to  the  density  may  be  made. 

With  the  sudden  discharge  from  an  ignition  coil  or  magneto  a  disruptive  spark  is  pro- 
duced oven  at  temperatures  where  a  60-cycle  voltage  would  produce  a  brush  discharge. 

The  voltage  required  for  a  spark  plug  set  at  0.5  mm.  (0.020  inch)  in  an  aviation  engine  of 
moderate  compression  is  of  the  order  of  magnitude  of  0,000  volts. 
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INVESTIGATION  OF  THE  MUFFLING  PROBLEM  FOR  AIRPLANE  ENGINES. 

By  G.  B.  Upton  and  V.  R.  Gage. 


The  initial  perception  of  the  presence  of  an  airplane  comes  commonly  through  hearing 
rather  than  sight.  When  near  a  plane  the  noise  of  the  unmuffled  engine  is  fairly  deafening. 
If  muffling  can  he  contrived  without  too  large  a  loss  of  power  it  will  hecome  much  easier  for 
the  pilot  to  operate  his  plane,  a  cut-out  being  provided  for  engine-testing  purposes.  In  civil 
use  of  planes,  if  passengers  are  to  be  carried  or  if  planes  become  numerous,  muffling  will  almost 
surely  be  required,  as  it  now  is  for  automobiles,  motor  boats,  and  stationary  engines.  In 
military  use  of  the  planes  the  advantages  to  be  derived  from  silent  operation,  if  that  is  possible, 
are  immensely  greater;  for  example,  with  night-bombing  airplanes. 

A  preliminary  report  upon  this  subject  was  printed  as  Report  No.  10  of  the  Second  Annual 
Report  of  the  National  Advisory  Committee  for  Aeronautics,  1916,  pages  41  to  49;  hereinafter 
referred  to  as  Report  No.  10.  This  report  outlined  the  problem,  gave  the  status  of  muffling  for 
automobile  engines,  and  gave  the  beginnings  of  our  experimental  work.  For  the  main  part  of 
the  experimental  work,  Prof.  V.  R.  Gage  has  been  associated  with  the  initial  stall'  of  Profs. 
H.  Diederichs  and  G.  B.  Upton. 

In  the  early  summer  of  1917  the  Curtiss  engine  was  taken  over  by  the  U.  S.  A.  S.  M.  A. 
at  Ithaca.  A  considerable  amount  of  experimental  data  bad  already  been  accumulated. 
Designs  of  mufflers  had  been  worked  out  to  be  tried  upon  planes  in  field  work.  At  this  time, 
however,  muffling  was  much  less  important  than  the  production  of  engines  and  planes,  so  that 
field  experiments  with  mufflers  were  not  carried  out. 

The  work  has  fallen  into  two  divisions:  First,  the  determination  of  the  relation  between 
back  pressure  in  the  exhaust  line  and  consequent  power  loss,  for  various  combinations  of  speed 
and  throttle  positions  of  the  engine.  Second,  the  construction  and  trial  of  muffler  designs, 
covering  both  type  and  size.  The  main  body  of  the  work  has  been  done  on  a  Curtiss  OX  eight- 
cylinder  airplane  engine,  4  by  5  inches,  rated  70  horsepower  at  1,200  revolutions  per  minute. 
For  estimation  of  the  muffling  ability  and  suppression  of  "bark"'  of  individual  exhausts,  we 
have  also  used  an  "Ingeco"  stationary,  single  cylinder,  5H  by  10  inch,  throttling  governed 
gasoline  engine,  and  occasionally  other  engines. 

On  the  Curtiss  engine  the  carburetor  was  a  Schebler  model  L.  The  throttle  control  rod 
was  graduated  and  adapted  for  duplication  of  settings  by  means  of  a  screw  setting  into  holes. 
Adjustment  of  needle  valve  and  cams  controlling  the  mixture  was  once  made  and  was  not 
subsequently  changed.  The  ignition  was  by  Bosch  magneto  with  fixed  spark,  set  in  the 
advanced  position  by  the  manufacturer's  instructions.  This  adjustment  was  never  changed. 
The  spark  plugs  gave  trouble  and  had  to  be  renewed.  The  engine  was  started  by  power  from 
an  electric  (street  car)  motor,  belted  to  a  pulley  which  was  keyed  on  the  end  of  the  fan  dynamo- 
meter shaft,  on  the  end  away  from  the  engine.  The  engine  was  brought  to  a  moderate  speed 
with  the  magneto  short  circuited  and  then  ignition  was  turned  on  and  the  belt  thrown  off  the 
fan  dynamometer  pulley  simultaneously.  Cooling  water  was  supplied  to  the  engine  from  the 
water  mains  through  the  regular  circulating  pump.  The  water  supply  valve  was  always  opened 
to  the  same  point,  which  had  been  found  by  trial  to  give  slightly  more  than  adequate  cooling. 
It  was  found  that  air  locks  might  occur  and  to  detect  them  separate  discharges  lines  were  used, 
one  from  each  block  of  cylinders. 

153215— S.  Doc.  166,  66-2  9  125 
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In  the  determination  of  power  losses  due  to  the  mufflers  it  was  desirable  that  the  engine 
should  drive  a  dynamometer  with  the  same  torque-speed  characteristics  as  a  propeller.  We 
therefore  built  a  fan  dynamometer,  copying  in  detail  the  dimensions  of  one  at  the 
Automobile  Club  of  America's  laboratory  at  New  York  City.  This  design  of  fan  has  previously 
twice  been  calibrated  using  cradle  dynamometers.  The  fan  has  two  blades  set  diametrically 
opposite.  These  blades  are  rectangular  plates  14  by  10  inches,  with  the  10-inch  dimension 
radial.  As  used,  the  outside  diameter  across  the  blades  was  42  inches,  requiring  35.4  horse- 
power at  1,000  revolutions  per  minute,  and  for  other  powers  varying  with  the  cube  of  the  speed. 
This  adjustment  holds  the  engine  to  rated  load  at  rated  speed  (61.2  horsepower  at  1,200  revo- 
lutions per  minute,  69.1  horsepower  at  1,250,  77.8  horsepower  at  1,300).  Dimensions  and 
calibration  of  the  fan  are  given  more  completely  in  Appendix  A. 

The  determination  of  the  power  consumed  by  the  fan  depends  solely  upon  the  measure- 
ment of  speed.  For  the  reading  of  speed  we  used  a  Hopkins  electrical  tachometer,  with  its 
dynamo  driven  directly  by  the  engine  crankshaft  through  a  flexible  coupling.  The  tachometer 
was  calibrated  several  times  during  the  progress  of  the  work,  both  in  place  on  the  engine  and 
on  a  small  high-speed  lathe. 

To  determine  the  power  loss  due  to  back  pressure,  we  put  exhaust  manifolds  on  the  engine 
along  each  block  of  four  cylinders  and  combined  the  exhausts  in  a  cross  pipe  at  the  rear  of  the 
engine,  as  illustrated  in  figure  1,  a  photograph  of  the  set-up.  The  cross  pipe  ended  in  a  tee 
with  two  valves,  one  a  gate  valve  for  adjustment  and  the  other  a  quick-opening  valve,  similar 
to  a  "molasses"  valve.  The  second  valve  was  used  either  entirely  open  or  entirely  shut;  the 
change  from  closed  to  open  and  reverse  could  be  made  instantly.  In  running  to  determine 
power  loss  the  engine  would  be  set  at  a  given  throttle  position  with  the  quick-opening  valve 
wide  open;  then  closing  that  valve  the  gate  valve  was  set  to  give  a  desired  back  pressure.  Runs 
were  then  made,  alternately,  in  quick  succession,  with  the  quick-opening  valve  open  and  shut. 
In  each  condition  readings  were  taken  of  speed  and  back  pressure.  The  alternation  of  condi- 
tions was  repeated  several  times,  until  the  drop  of  speed  (and  power  losses)  associated  with  a 
certain  back  pressure  seemed  well  determined. 

There  was  one  manifold  for  each  block  of  four  cylinders  composing  one  leg  of  the  vee. 
The  back  pressures  of  the  two  groups  of  cylinders  were  read  separately  and  independently. 
The  manometer  connections  were  made  hi  each  manifold  at  a  point  about  6  inches  beyond  the 
last  cylinder  and  the  two  fittings  were  identical  in  construction.  The  pressure  taps  were  made 
of  small  brass  rods  riveted  over  inside  nearly  flush  with  the  manifold,  with  a  lock  nut  outside 
the  manifold.  The  openings  through  the  rods  wero  the  same  and  were  about  -fc  inch  in  diame- 
ter. This  construction  was  used  in  order  to  minimize  as  far  as  possible  any  errors  of  pressure 
due  to  the  effect  of  velocity  and  to  damp  the  pulsations  of  pressure.  If  any  such  velocity 
effects  did  enter  into  the  observations  of  pressure  they  would  disappear  in  the  taking  of  the 
pressure  difference  of  runs  with  and  without  applied  back  pressure.  ,  Taking  the  pressure 
readings  so  close  to  the  engine  was  intentional;  all  manifold  and  piping  resistance  beyond  these 
taps  will  be  shown  in  the  readings,  and  it  was  a  matter  of  interest  to  discover  how  serious  these 
losses  might  be,  due  to  the  use  of  long  or  improper  exhaust  piping. 

From  the  pressure  taps  connection  was  made  through  rubber  tubing  of  about  34 -inch  inside 
diameter  and  6  feet  long  to  mercury  manometers.  A  considerable  mass  of  mercury  was  used 
in  each  manometer  to  obtain  the  damping  effoct  of  its  inertia.  Further  damping  was  found 
necessary  and  was  secured  by  stuffing  the  upper  ends  of  the  manometer  tubes  with  cotton 
waste.  With  the  engine  running,  the  back-pressure  readings  were  satisfactorily  steady  and 
practically  without  time  lag  in  shifting  from  running  with  and  without  applied  back  pressures. 

The  first  series  of  runs  was  made  to  determine  the  power  losses  caused  by  different  applied 
back  pressures  with  the  engine  under  a  fixed  throttle  position,  set  for  normal  power  and  speed. 
The  observations  taken  are  shown  in  the  first  four  columns  of  Table  I.  The  other  values  shown 
in  Table  I  are  the  results  of  computations  from  the  averages  of  the  data. 

The  true  speed,  revolutions  per  minute,  is  obtained  from  the  tachometer  readings  by  the 
use  of  calibrations  made  before  and  after  groups  of  tests.    The  correction  factor  for  the  tacho- 
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meter  was  always  a  constant  multiplied  into  the  indicated  speed.  This  constant  was  about 
1.09. 

The  per  cent  power  loss  was  computed  from  the  relative  speeds  with  and  without  applied, 
back  pressure.  If  the  speed  with  applied  back  pressure  was  97  per  cent  of  the  original  speed,  the 
power  loss  was  (1.00)3- (0.97)3  =  1.00-0.9127  =  8.7  per  cent.  This  relation  is  true  because  of 
the  loading  of  the  engine  by  the  fan  dynamometer.  The  power  absorbed  by  the  fan  is  pro- 
portional to  the  cube  of  the  speed.    (Appendix  A.) 

The  brake  M.  E.  P.  (brake  mean  effective  pressure)  is  the  product  of  the  mechanical  effi- 
ciency of  the  engine  and  the  mean  effective  pressure  as  shown  by  an  indicator  diagram,  and  is 
expressed  in  pounds  per  square  inch.    For  this  engine: 
Let  P- brake  M.  E.  P. 
i?  =  r.  p.  m. 

B  =  cylinder  bore  diameter,  in  inches  =  4  inches. 
S  =  cylinder  stroke,  in  inches  =5  inches. 

N=  number  of  cylinders  =  8. 
IIP  =  brake  horsepower. 


Then 


33000  \4  X  2  X  12  X  33000/ 

PR 


(lo77) 


For  this  fan  dynamometer: 
HP=KRS 

in  which  if  is  a  constant  whose  value  was  35.4  X  10_0  at  the  setting  used.    (Appendix  A.) 
Combining  the  expressions  for  this  engine  and  fan: 

P  =  1577  xKR3  =  1577x  KR2 
K 

=  55.8  i^XlO-6 

Various  results  from  this  group  of  tests,  as  shown  in  Table  I,  are  shown  as  curves  in  plots 
2  to  5,  inclusive.  In  all  of  these  curves  the  abscissa  is  the  applied  back  pressure  measured  in 
inches  of  mercury.  This  "applied  back  pressure"  is  strictly  the  increase  of  manometer  reading, 
over  that  given  with  open  discharge  from  exhaust  manifolds  and  piping,  with  the  application 
of  a  definite  constriction  of  discharge. 

Plot  2  shows  the  power  losses,  in  per  cent,  as  a  function  of  the  applied  back  pressure. 
With  no  applied  back  pressure  the  throttle  was  set  and  locked  to  give  about  1,230  r.  p.  m., 
corresponding  to  about  65  horsepower  output  to  the  dynamometer.  The  engine  did  not  always 
come  back  to  this  speed  and  power  when  the  back  pressure  was  relieved,  because  of  many 
minor  variations  of  ignition,  carburetion,  lubrication,  cooling,  etc.  These  changes  were  cared 
for  by  the  method  of  testing  employed,  as  previously  described.  The  results  as  to  power  loss 
in  plot  2  will  be  found  oidy  for  one  setting  of  the  throttle  on  this  engine.  It  could  not  be  assumed 
that  the  same  percentage  power  loss  would  be  found,  for  a  given  applied  back  pressure,  on 
another  engine,  or  even  with  other  throttle  positions  on  this  engine.  These  power  losses  are 
conditioned,  also,  by  the  dynamometer  characteristic  of  power  varying  with  cube  of  speed. 
They  would  not  hold  for  automobile  engine  operation  in  general,  because  the  load  character- 
istics would  be  different.  This  curve  is,  however,  approximately  typical,  in  form  and  in  numeri- 
cal value,  of  average  flying  conditions  with  airplane  motors,  when  the  exhaust  is  choked  by 
any  means  to  increase  the  back  pressure.  This  curve  gives  the  information  desired  concern- 
ing the  relative  magnitude  of  the  power  losses  incident  to  increasing  the  back  pressure  of  an 
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airplane  engine  by  attempts  at  muffling.  If  satisfactory  noise  suppression  can  be  secured  witb 
small  increases  of  back  pressure,  the  power  loss  may  be  tolerable. 

For  moderate  back  pressures  the  power  loss  is  substantially  proportional  to  the  back 
pressure.  For  higher  back  pressures  the  power  loss  mounts  rapidly,  apparently  at  such  a  rate 
that  a  back  pressure  of  even  less  than  10  pounds  per  square  inch  (20  inches  mercury)  would 
stop  the  engine.  These  relations  are  perhaps  better  brought  out  in  plot  3,  which  is  the  same 
as  plot  2  except  that  the  coordinates  are  logarithmically  scaled.  The  full  line  curve  in  plot 
3  is  the  curve  of  plot  2  transferred.  The  dash  line  in  plot  3  shows  what  would  happen  if  the 
power  loss  continued  to  be  proportional  to  the  back  pressure. 

A  possible  explanation  of  this  changing  effect  of  back  pressure  as  the  back  pressure  increases 
may  be  found  by  considering  the  indicator  card.  This  is  schematically  shown  in  figure  4. 
For  small  back  pressures  we  may  expect  the  main  effect  to  be  a  lifting  of  the  exhaust  line  of 
the  card  by  an  amount  substantially  equal  to  the  increase  of  back  pressure.  The  result  would 
be  a  loss  of  indicated  M.  E.  P.  equal  to  the  back  pressure,  because  the  elevation  of  the  exhaust 
line  would  extend  through  the  whole  stroke.  The  loss  of  brake  M.  E.  P.  will  be  smaller  than 
the  loss  of  indicated  M.  E.  P.  in  the  ratio  of  the  mechanical  efficiency  of  the  engine  to  unity. 

•  At  higher  back  pressures  the  exhaust  gases  are  held  back  in  greater  amounts  in  the  cylinder, 
leaving  the  clearance  space,  at  the  end  of  the  exhaust  period,  filled  with  an  ad  normal  weight 
of  hot,  dead  gases.  These,  reexpanding,  interfere  with  the  incoming  charge  in  various  ways, 
lessening  the  amount  of  the  fuel  mixture  drawn  in.  The  decrease  of  charge  quantity  will 
result  in  a  decrease  of  M.  E.  P.  which  is  added  to  the  decrease  of  M.  E.  P.  due  to  lifting  of  the 
pressure  of  the  exhaust  line. 

Probably  it  is  the  decrease  of  charge  which  is  the  principal  reason  for  the  possibility  of 
stalling  the  engine  by  fairly  completely  choking  the  exhaust  pipe  and  before  complete  closure 
is  reached. 

To  make  the  findings  of  power  loss  caused  bj-  applied  back  pressure  more  general,  not  so 
much  a  matter  of  the  particular  case  studied,  the  results  are  given  as  loss  of  brake  M.  E.  P., 
by  the  curve  on  plot  5.  The  previous  discussion  of  the  effect  of  back  pressure  upon  the  indicator 
card  explains  the  form  of  this  curve  and  the  relations  between  the  test  curve  and  the  line  of 
equality  of  brake  M.  E.  P.  loss  and  back-pressure  increase.  For  (he  smaller  and  reasonable 
values  of  back  pressure  it  is  quite  safe  to  assume  that  the  loss  of  brake  M.  E.  P.  (pounds  per  square 
inch)  does  not  exceed,  and  is  nearly  equal  to,  the  applied  back  pressure  (in  pounds  per  square  inch). 
This  conclusion  is  of  considerable  importance  to  the  designer  of  engines,  exhaust  manifolds, 
and  mufflers,  and  is  probably  valid  for  all  types  and  services  of  internal-combustion  engines. 

Of  interest  to  the  airplane  designer  is  the  loss  of  propeller  speed  consequent  upon  back- 
pressure in  the  engine  exhaust.  Since  propeller  speed  is  tied,  in  a  definite  relation,  to  pro- 
peller power,  the  curve  of  plot  6  is  really  another  version  of  plot  2.  This  curve  of  plot  (i  should 
correspond  approximately  to  average  running  conditions  of  airplane  motors.  It  is  about  a 
three-quarter  throttle  position  curve  for  this  engine,  and  full  throttle  would  probably  change 
the  form  of  tho  curve  only  at  the  higher  back  pressures. 

In  the  second  series  of  tests  the  engine  was  brought  up  to  about  normal  speed  and  power. 
The  regulating  valve  at  the  end  of  the  exhaust  pipe  was  closed,  allowing  all  the  exhaust  to 
leak  through  the  joints  of  the  piping  and  through  the  walls  of  the  flexible  metallic  exhaust 
hose  when  the  end  outlet  valve  was  closed.  The  value  of  back  pressure  was  purposely  made 
large,  in  order  to  give  more  accurate  readings  of  back  pressure,  and  to  see  what  would  happen. 
Readings  of  speed  and  back  pressure  were  then  taken  with  the  end  outlet  valve  alternately 
open  and  shut,  until  the  values  seemed  to  check  among  themselves.  Then  the  throttle  opening 
was  reduced,  and  again  readings  were  taken.  Immediately  after  the  smallest  advisable  throttle 
gun,  the  normal  throttle  as  used  at  first  was  reproduced,  and  a  check  run  was  made. 

Table  II  gives  the  data  and  the  computations  of  the  runs  made  on  August  24  and  29.  The 
exhaust  piping  was  changed  between  August  24  and  29  by  making  the  pipe  joints  tighter. 

Plot  7  shows  the  relation  between  the  brake  horsepower  and  the  actual  back  pressure,  as 
given  in  Table  II.    The  back  pressure  increases  as  some  exponential  function  of  the  horsepower, 
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when  the  conditions  of  the  exhaust  passages  remain  unchanged.  The  same  curves  are  shown 
on  plot  8,  using  logarithmic  instead  of  arithmetic  coordinates.  The  slope  of  these  curves  is 
slightly  less  than  1.5,  indicating  about  the  1.5  power  of  the  engine  output.  An  analysis  of  the 
muffler  tests  made  at  the  University  of  Michigan  (printed  in  Horseless  Age,  May,  1915)  also 
indicates  that  the  back  pressure  varies  with  about  the  1.5  power  of  the  engine  output.  (An 
analysis  of  some  of  the  features  of  the  University  of  Michigan  report  is  given  as  Appendix  B.) 

Neglecting  changes  of  mechanical  and  thermal  efficiency,  the  weight  of  exhaust  gases,  per 
unit  of  time,  must  be  nearly  proportional  to  the  brake  horsepower.  So,  for  a  rough  approxi- 
mation, the  quantity  of  exhaust  gas  can  be  substituted  for  the  brake  horsepower,  as  abscissae 
of  the  curves,  plots  7  and  8.  The  quantity  of  fluid  discharged  through  orifices  is  nearly  pro- 
portional to  the  square  root  of  the  pressure  difference  across  the  orifices.  By  analogy  it  would 
be  expected  that  the  slope  of  the  curves  on  plot  8  should  be  nearly  2.  A  contributing  feature 
in  the  fact  that  they  are  not  may  possibly  be  explained  by  the  common  method  of  averaging 
and  reading  a  fluctuating  pressure.  Averaging  in  case  of  pulsations  is  quite  often  done  by 
damping.  The  damping  of  the  oscillations  may  or  it  may  not  give  a  nearly  true  average  of 
the  pressure.  But  the  instantaneous  rate  of  flow  through  the  orifice  is  proportional  to  the 
square  root  of  the  pressure  at  that  instant.  So  for  a  pulsating  flow  there  should  be  found 
the  integration  of  the  product  of  the  average  of  the  square  roots  of  the  pressures  and  the  time 
interval  during  which  the  pressures  existed,  not  the  product  of  the  square  root  of  the  average 
of  the  pressures  and  the  total  time.  The  latter  method  was  used,  agreeably  to  the  common 
practice  under  such  circumstances.  The  flow  and  the  pressure  difference  in  the  exhaust  mani- 
folds are  widely  and  rapidly  pulsating.  The  average  pressure  as  indicated  on  the  manometer, 
may  be  far  from  the  average  pressure  value  which  should  be  used  in  determining  the  flow 
However,  when  measuring  the  exhaust  back  pressures  in  this  conventional  manner,  the  empirical 
relation  here  shown  may  be  quite  useful — that  the  back  pressure  varies  approximately  as  the 
horsepower  of  the  engine,  raised  to  the  1.5  power. 

Plots  9  and  10  give  information  very  applicable  to  muffling  of  airplane  engines.  They 
show  how  rapidly  the  back  pressure  rises  to  high  values  as  the  engine  is  opened  out  to  full 
power  and  speed.  The  numerical  values  are  obtained  from  Table  II.  Plot  9  shows  the  result 
of  excessive  choking  of  the  exhaust  which  was  purposely  done  in  this  case  to  bring  out  the 
action.  The  two  curves  of  plot  9  result  from  slightly  different  initial  conditions.  Plot  10 
shows  the  back  pressure  due  to  exhaust  piping,  only,  including  sharp  turns,  some  extra  pipe 
resistance,  and  fittings  on  our  experimental  set-up.  This  curve  is  of  the  same  type  and  of  the 
same  magnitude  of  back  pressure  values  which  would  come  from  a  good  muffler.  It  should 
be  carried  in  mind  that  with  these  figures  the  engine  was  driving  a  fan  whose  characteristics 
correspond  to  an  airplane  propeller.  The  form  of  the  curves  is  conditioned  by  this  type  of 
loading. 

In  attempting  to  analyze  the  data  of  Table  II,  reducing  the  loss  of  engine  torque  to  terms 
of  brake  M.  E.  P.,  the  result  is  the  "shotgun"  diagram  of  plot  11.  Interpretation  of  this  is 
highly  speculative  considering  the  small  amount  of  data  which  was  collected.  The  analysis 
here  attempted  is  much  broader  than  the  special  problem  which  was  being  studied,  and  so  no 
special  runs  were  made  to  get  the  information  needed  to  complete  this  figure.  Curve  OB  is 
transposed  bodily  from  plot  5,  representing  runs  at  fixed  throttle  and  varying  exhaust  conditions. 
The  straight  line  OF  on  plot  11  represents,  as  near  as  possible,  the  average  relation  from  the 
runs  with  varying  throttle  against  fixed  exhaust  conditions.  Since  the  engine  was  coupled  to 
a  fan  dynamometer,  speed  and  throttle  position  are  tied  together  except  for  the  slight  modifi- 
cations due  to  back  pressures,  etc.  The  small  numbers  adjacent  to  the  points  in  plot  11  give 
the  approximate  r.  p.  m.  of  the  engine  and  fan;  and  equal  speeds  nearly  coincide  with  equal 
throttle  positions.  The  apparent  scattering  of  the  points  may  indicate  that  the  points  do  not 
belong  upon  one  curve,  but  upon  a  family  of  constant  throttle  curves  such  as  OC,  OD  and  OE, 
all  similar  to  OB.    The  curve  OB  was  at  about  three-fourths  throttle  of  the  engine. 

Table  III  and  plot  12  are  put  in  as  a  demonstration  that  the  choking  of  the  exhaust  by 
sharp  turns,  pipe  fittings,  etc.,  give  the  same  results  as  choking  by  a  muffler.    On  August  29, 
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after  taking  the  data  given  in  Table  II,  the  exhaust  piping  connections  were  changed  some- 
what in  order  to  try  out  a  muffler.  The  wire-gauze-filled  muffler,  described  on  page  48  and 
figure  4  of  Report  No.  10,  was  put  on  the  open  end  of  the  exhaust  manifold  piping.  Runs  were 
made  with  and  without  the  muffler  as  resistance,  giving  the  data  shown  in  Table  III,  and  in 
plot  12.  This  is  comparable  with  plot  7,  the  lower  curve  of  plot  7  being  reproduced  as  the 
upper  curve  of  plot  12.  All  three  curves  are  evidently  of  the  same  type.  Hence  the  information 
obtained  from  Tables  I  and  II  and  their  analysis  will  be  applicable  to  the  analysis  ofmvjler  actions 
so  far  as  back  pressures  and  power  losses  are  concerned. 

In  the  course  of  the  experimental  work  so  far  described  some  peculiar  phenomena  were 
noted.  One  such  was  an  abnormal  power  drop,  considering  the  back  pressure,  at  certain 
"critical  speeds."  It  was  found  that  this  abnormal  power  loss  was  avoided  by  a  very  small 
change  of  speed  either  way  from  the  critical.  The  critical  speed  changed  or  disappeared  with 
change  of  exhaust  manifold.  Apparently  some  manifolds  would  not  show  this  phenomena; 
probably  the  curved  manifolds  would  be  free  from  it.  The  supposed  cause  of  this  abnormal 
power  loss  at  a  critical  speed  is  a  reflected  wave  of  exhaust  gas  filling  the  clearance  of  sonic 
cylinder  just  before  its  exhaust  valve  closes. 

Study  of  this  effect  led  to  a  suggested  design  of  an  exhaust  manifold,  and  ultimately  to 
the  design  of  a  muffler.  If  the  pulses  of  exhaust  gas,  following  the  opening  of  successive  exhaust 
valves,  could  be  so  trapped  that  they  would  never  return  to  their  own  or  other  cylinders  by 
direct  motion,  or  by  reflection,  interferences  and  abnormal  power  losses  would  be  avoided,  and 
the  muffling  problem  itself  might  be  simplified.  The  scheme  selected  was  rather  similar  to  the 
muffler  design  shown  in  figura|3,  page  47,  of  Report  No.  10.  The  exhaust  of  each  cylinder 
was  to  enter,  tangentially,  the  annular  space  between  two  concentric  cylinders.  In  this  space 
the  exhaust  gas,  entering  with  high  velocity  and  pressure,  could  spin  around,  dissipating  its 
energy  both  by  friction  and  by  progressive  leakage  through  numerous  small  holes  in  the  inner 
cylinders.  The  inner  cylinder,  continued  outward  from  the  manifold,  was'  to  become  the 
exhaust  pipe.  A  design  for  a  manifold-muffler  of  this  type  is  shown  in  figure  13.  The  tangential 
entrance  effects  the  trapping  of  the  exhaust  pulse,  preventing  its  direct  or  indirect  return  to 
any  cylinder.    This  is  shown  more  in  detail  in  figure  14. 

While  a  device  of  this  character  (figure  13)  might  be  successful  in  normal  operation  of  an 
automobile  engine,  it  was  discarded  as  unsuited  for  airplane  engine  service.  First,  the  internal 
construction  would  burn  out  owing  to  the  great  heat  of  the  exhaust  gases  in  airplane  service, 
and  secondly,  the  radiant  heat  from  the  large  surface  of  the  manifold  would  prohibit  the 
installation.  The  first  objection  may  be  met,  and  the  second  minimized,  by  the  more  compact 
construction  suggested  in  figure  15,  which  could  well  be  built  with  a  smaller  external  diameter 
than  the  other  design. 

The  remainder  of  the  experimental  work  consisted  of  trials  of  various  commercial  mufflers 
and  of  experimental  mufflers  designed  and  built  hj  the  authors  of  this  report.  The  experi- 
mental apparatus  remained,  in  general,  unchanged.  The  dynamometer,  the  tachometor,  and 
the  arrangements  for  reading  back  pressures  remained  the  same,  and  were  used  as  before.  Power 
losses  due  to  the  application  of  mufflers  were  found  as  describod  previously  in  the  determination 
of  power  losses  due  to  applied  back  pressures.  When  the  emphasis  was  upon  the  determination 
of  muffling  ability,  and  tho  comparison  of  various  mufflers  with  each  other  as  silencers,  the 
determination  of  power  loss  was  inferred  from  the  back  pressure  reading  and  general  engine 
speed.  This  method  is  more  accurate  than  the  direct  determination  of  power  loss  from  speed 
drops,  because  the  power  losses  from  the  mufflers  finally  selected  were  small.  The  drop  of  speed 
was  too  small  to  read  satisfactorily  whilo  tho  back  pressure  was  still  a  readily  measurable 
quantity. 

Usually,  when  working  with  mufflers,  the  Curtiss  engine  was  sot  to  run  at  its  recommended 
speed  of  1,200  to  1,250  r.  p.  m.,  developing  about  70  horsopower.  A  scale  of  throttlo  settings 
had  been  made  so  that  this,  and  other  settings,  could  bo  duplicated.  Generally  one  muffler  was 
used  for  the  entire  engine,  taking  the  exhaust  from  all  eight  cylinders.  The  setup  shown  in 
figure  1  was  then  modified  by  putting  the  quick-opening  valve  on  the  side  outlet  of  the  tee  on 
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the  end  of  tho  cross  manifold,  allowing  the  installation  of  the  muffler  under  test,  without  a  valve, 
in  tho  direct  line  of  the  exhaust  flow.  Tho  back  pressure  due  to  the  muffler  could  then  bo 
determined,  by  taking  altornate  readings  as  before,  with  the  quick-opening  valvo  open  and  shut. 
Tho  data  of  Tables  III,  VI,  and  part  of  VII  came  from  this  arrangement. 

In  a  few  tests,  concerning  particular!}'  the  capacity  of  mufflers,  the  cross  manifold  was 
removed.  A  muffler  could  then  be  placed  directly  on  the  end  of  the  stock  exhaust  manifold 
for  one  block  of  four  cylinders.  Generally  a  muffler  was  placed  on  each  of  the  two  manifolds. 
Tho  mufflors  then  had  to  be  appliod  and  removed  by  hand  in  order  to  determine  the  back  pres- 
sure due  to  the  muffler.  This  procedure  was  used  for  getting  tho  data  of  Table  IV,  using  tho 
G.  P.  F.  12-inch  and  28-inch  mufflers,  and  part  of  Table  VII. 

Estimates  wore  always  made  of  the  silencing  qualities  of  the  muffler  being  tosted.  In  the 
end  tho  devices  selected  as  most  promising  were  put  through  comparative  tests,  where  rapid 
substitutions  were  made  by  hand.  For  this  work  it  scorned  desirable  to  mako  an  open-air 
estimation  of  tho  noise  of  the  exhaust  and  the  dogreo  of  silencing  with  tho  various  mufflers. 
To  got  the  exhaust  outdoors  and  pointed  in  the  right  direction  tho  too  and  valves  on  the  end 
of  tho  cross  manifold  wore  removed.  At  the  end  of  tho  cross  manifold  direct  connection  was 
made  to  a  2-inch  piping  system  consisting  of  a  6-foot  length  of  pipe,  a  45°  ell,  and  a  second 
6-foot  length  of  pipe.  This  piping  did  not  muffle  the  exhaust  to  any  noticeable  degree.  The 
back  pressure  duo  to  the  piping,  at  normal  engine  speed,  was  about  1  inch  of  mercury.  This 
measurement,  in  itself,  may  bo  of  considerable  interest  in  tho  problem  of  the  disposal  of  engine 
oxhaust  on  airplanes.  Tho  data  of  Tables  VIII  and  IX  were  taken  with  the  mufflers  placed 
outdoors  in  (his  manner. 

Many  devices  and  idoas  for  silencing  wore  considered,  and  quite  a  few  were  tried  out.  All 
devices  with  which  tests  wore  made,  and  which  wore  found  worthy,  as  well  as  a  fow  which  were 
rejected,  are  included  in  the  descriptive  matter  which  follows.  Of  the  rejected  schemes,  only 
those  are  described  which  are  based  upon  somo  peculiarly  attractive  idea,  or  which  are  akin 
to  common  practice.  The  experimenters  (the  authors  of  this  report)  applied  quite  peculiar 
descriptive  nomenclature  to  somo  of  those  devices.  For  the  sake  of  brovitj-,  somo  system  of 
naming  is  necessary,  so  those  designations  will  be  porpotuated,  and  the  derivation  of  the  appella- 
tion briefly  indicated. 

6.  P.  F. — These  mufflers  are  shown  in  figure  2  and  described  on  page  43  of  Eeport  No. 
10.  Four  of  theso  were  used,  two  each  of  tho  two  sizes.  All  were  5  inches  diameter,  two  were 
12  inches  long,  the  other  two  wore  28  inches  long.  They  wrere  made  by  Geuder,  Paeschke  & 
Froy  Co.  Those  are  regular  stock  mufflers. 

Maxim. — A  Maxim  silencer  for  Fords  was  purchased  of  a  local  garage.  The  ontrance  to 
this  nuifllor  was  only  1.5  inches  internal  diameter.  The  tail  pipe  was  12  inches  long,  tapering 
from  1.5  inches  diameter  at  the  muffler  to  1  inch  diameter  at  the  outlet.  It  was  hardly  fair  to 
use  this  on  a  70  horsepdwor  engine;  but  the  data  is  of  great  interest. 

Manifold  mufflers. — Tho  name  comes  from  the  original  idea  of  putting  several  of  theso 
devices  in  line,  end  to  end,  ono  for  each  cylinder,  the  combination  to  replace  the  oxhaust  mani- 
fold. However,  this  manifolding  scheme  was  never  thoroughly  tried  out;  tho  ono  unit  of  tho 
device  was  used  as  a  muffler,  with  conventional  installation  at  tho  end  of  the  manifold.  As 
originally  constructed  tho  inner  cylinder  did  not  touch  the  end  plate,  so  that  the  oxhaust  could 
escape  around  tho  end  as  well  as  through  the  holes  of  tho  inner  cylinder.  Tho  end  path  could  bo 
blockod  by  a  pieco  of  asbestos  board  fastened  to  the  end  plato.  This  first  manifold  muffler  was  of 
tho  same  general  design  as  shown  in  figure  16  and  figure  17,  but  with  the  outer  cylinder  6  inches 
long  instead  of  9  inches,  and  containing  only  tho  3  J  inch  perforated  inner  tube. 

The  "Long  Manifold  Mufllor"  was  mado  up  of  two  outer  soctions  of  the  first  manifold 
nuifllor,  making  an  outer  cylinder  12  inches  long.  Tho  inner  tube  was  not  perforated  and  ex- 
tended the  full  length  of  the  muffler,  its  sorrated  end  touching  the  far  ond  plate.  Tho  oxhaust 
entered  the  outor  cylinder  near  ono  ond  through  the  regular  tangential  entrance  of  this  type  of 
mulllor.    The  entrance  of  the  second  unit  was  blockod.    The  annular  space  was  both  spin  and 
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expansion  chamber  for  the  exhaust  gases,  which  'escaped  into  the  inner  tube  only  through  its 
serrated  ond,  at  tho  opposite  end  of  the  muflier  from  the  gas  entranco  and  exit. 

Later  a  "Now  Manifold  Muffler"  was  built  similar  to  the  soctions  which  were  first  made, 
but  3  inches  longor,  and  with  provision  for  slipping  an  extra  perforated  inner  tube  of  2i  inches 
diameter  insido  of  tho  rogular  3J-inch  inner  cylinder.  This  last  design  of  the  manifold  muffler 
is  shown  in  figure  16,  with  the  extra  inner  tube  in  place,  and  in  figure  17  assembled  and  dis- 
assembled. Tho  manifold  mufflers  are  developments  of  the  muffler  shown  in  figure  3,  page 
47,  of  Report  No.  10. 

Wire  mesh  type. — Several  of  this  type  were  built  and  tried  out.  The  general  scheme  is 
shown  in  figure  4,  page  48,  of  the  Report  No.  10.  The  idea  is  to  gradually  increase  the  resist- 
ance, and  to  break  up  the  energy,  of  the  exhaust  by  means  of  sections  filled  with  fine  wire 
mesh.  Tho  finest  mesh  was  used  at  the  outlet,  and  the  mosh  increasing  in  size  toward  the  engine. 

Spiral  guide  vane. — This  scheme  consisted  of  an  expansion  chamber,  with  spirals  in  the 
annular  outlet  passage,  instead  of  the  wiro  mosh.  The  spirals  formed,  in  effect,  a  long  nozzle. 
Various  forms  of  spiral  wore  tried:  of  constant  pitch,  or  aroa  of  passage;  with  area  of  passage 
growing  smaller  toward  the  outlet,  forming  a  sort  of  converging  nozzle,  and  with  the  area  of 
passage  increasing  toward  the  discharge  end.  The  general  design  of  these  is  based  on  that  of  the 
Maxim  siloncer,  but  there  is  not  tho  repeated  reversal  of  flow  in  the  spirals. 

Whirl  chamber  mufflers. — So  called  from  their  general  construction.  Figures  1 7, 18, 15),  and  20 
show  the  form  of  those  mufflers.  Tho  exhaust  pipe  is  flattened  from  a  circular  cross  section  at 
the  engine  to  a  rectangle  at  the  muffler,  giving  a  contracted  nozzle  effect.  This  rectangular 
section  is  fastened  tangontially  to  the  circumference  of  a  ring  of  considerably  larger  diameter. 
One  cover  plate  for  one  side  of  tho  ring  is  a  plato  dished  to  give  stiffnoss.  The  other  cover  is  the 
outlet  for  the  gas,  and  consists  of  a  truncated  cone.  The  exhaust  gases  enter  the  ring  tangentially, 
swirling  around  and  around  insido  the  ring.  As  they  lose  velocity  they  gradually  escape  through 
the  opening  between  the  dished  cover  plato  and  the  end  of  the  truncated  cone.  Four  of  theso 
mufflers  wore  made,  one  each  with  rings  4  inchos  and  12  inches  in  diameter,  two  with  7-inch 
diameter  rings.  The  4-inch  and  12-inch  diameter  were  made  with  the  idea  of  having  one  of  them 
too  small  and  the  other  too  large.  The  oxhaust  pipe  entering  the  muflior  was  contracted  from 
a  2-inch  diameter  to  a  rectangle  1-inch  wide,  except  that  one  7-inch  ring  had  a  nozzle  J  inch 
wide.  The  sides  of  the  rectangle  had  the  same  total  porimeter  as  the  circumference  of  a  2-inch 
circle.  This  is  a  constructional  requirement.  Tho  width,  or  depth,  of  tho  cylindrical  ring  was 
limited  to  tho  length  of  the  rectangular  discharge  nozzle,  plus  clearance  necessary  in  manu- 
facture. This  makes  the  rings  4  inchos  deep  with  the  1-inch  nozzlos,  and  4$  inches  with  tho 
4-inch  nozzle  used  on  one  of  the  7-inch  wliirl  chambers.  The  cover  plates  were  dishod  about 
i  inch,  this  being  tho  maximum  obtainable  with  the  local  tinsmith.  The  design  called  for 
i  inch.  Thoso  plates  could  bo  applied  with  tho  convex  surfaco  in  or  out  as  indicated  in  figure 
19.  The  area  of  tho  open  end  of  the  truncated  cone  was  tho  same  as  that  of  tho  oxhaust 
pipe,  that  is,  2  inches  diameter.  Tho  space  between  the  end  of  tho  truncated  cone  and  the  cover 
plato  was  varied  from  time  to  time  by  tho  various  arrangements,  some  of  which  are  indicated 
in  figure  19.  Shallow  cones  were  available  as  well  as  the  deep  ones.  With  deep  cone,  and 
cover  plate  dished  inward,  the  clcaranco  through  which  the  exhaust  had  to  escape  was  about 
J  inch.  With  cover  plate  dished  outward  tho  clearance  became  J  inch.  With  shallow  cone  tho 
clearance  was  1£  inches. 

Tho  7-inch  whirl  chamber  muflier  was  also  tried  out  with  a  double  cono  assembly,  one  cone 
pointed  inward  and  ono  outward.  (Diagram  of  arrangement  in  Table  VII.)  This  assembly 
was  also  tried  with  a  "diffuser"  plate  between  the  two  cones.  One  diffuser  was  a  plato  with 
about  100  scattered  -^inch  holes  punched  through  it.  Another  diffuser  tried  with  both  7-inch 
and  12-inch  whirl  chambers  had  no  holes,  or  very  small  ones,  in  the  120°  sector  first  passed  by 
the  entering  gas,  tho  next  120°  with  larger  holes,  and  still  larger  holes  in  last  120°. 

The  Duplex  whirl  chamber  muffler  consisted  of  the  two  7-inch  rings  bolted  end  to  end,  using 
one  of  tho  tangential  nozzles  as  entranco,  and  the  other  as  discharge  passage.  The  arrangement 
required  the  reversal  of  internal  whirling  before  the  gas  could  get  out.    Generally  one  or  the 
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other  of  the  difl'uscr  plates  was  placed  between  the  two  rings.  The  1-inch  nozzle  was  used  as 
entrance  in  most  cases. 

Venluri. — A  2-inch  pipe  Venturi  with  %  inch  throat  was  tried,  upon  the  idea  of  an  expand- 
ing nozzle  to  secure  an  adiahatic  drop  of  pressure  and  temperature  of  the  gas,  also,  to  increase 
the  velocity  of  tho  gas  above  the  velocity  of  sound,  so  as  to  prevent  any  sound  waves  issuing 
from  inside  the  manifold.  Tho  Venturi  was  used  alone,  and  in  combination  with  the  7-inch 
whirl  chamber  muffler,  the  Venturi  then  acting  as  a  discharge  pipe. 


I  rig.  19 

The  problem  of  silencing  the  exhaust  noise  from  an  internal  combustion  engine  is  fairly 
comparable  with  the  problem  of  silencing  a  high  velocity  rifle,  or  better,  a  machine  gun.  At 
tho  instant  that  an  exhaust  valve  begins  to  open,  tho  gases  seeking  to  escape  from  the  cylinder 
have  a  pressure  in  the  neighborhood  of  40  pounds  per  square  inch  gauge  and  temperatures  of  the 
order  of  1,000°  F.  Where  the  endeavor  is  to  get  maximum  power  from  the  engine,  these  values 
are  understated.  If  adiahatic  expansion  is  assumed  at  the  time  of  release,  the  initial  velocity 
of  the  discharging  gas  is  independent  of  the  pressure  into  which  tho  gas  is  escaping,  becauso 
the  "critical  pressure"  is  greater  than  the  pressure  in  the  manifold  or  atmosphere.  The  initial 
velocity  will  be  the  velocity  of  sound  at  the  "critical"  pressure  and  existing  temperature  of  tho 
gas  at  this  pressure.  This  velocity  of  the  exhaust  gas  is  of  the  order  of  1,500  to  2,000  feet  per 
second — considerably  higher  than  the  velocity  of  sound  through  the  air.  The  first  portion  of 
the  escaping  exhaust  is  practically  a  slug  of  gas  coining  out  like  a  projectile  from  a  gun,  with  a 
velocity  greater  than  that  of  sound  in  air. 

It  is  well  recognized  that  the  report  of  a  high-velocity  rifle  consists  of  two  sounds.  One 
sound  wave,  the  "report,"  comes  from  the  muzzle  of  tho  gun  arising  from  the  slap  of  bullet  and 
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exhaust  gas  upon  the  air  adjacent  to  the  muzzle.  The  other  sound,  of  cracking,  ripping  quality, 
comes  from  the  tearing  of  the  air  by  a  projectile  moving  with  a  velocity  in  excess  of  the  velocity 
of  sound.  If  tho  bullet  is  traveling  toward  the  observer,  this  second  sound  is  heard  first.  The 
slugs  of  exhaust  gas  from  the  open  exhausts  of  an  airplane  motor  are  soon  dissipated,  and  do 
not  travel  far  as  projectiles.  While  they  last,  however,  there  is  little  doubt  that  they  contribute 
to  the  qualit}-  and  amount  of  exhaust  noise  from  the  engine. 

If  the  velocity  of  the  slugs  of  exhaust  gas  at  the  time  when  they  enter  the  air  can  be  reduced 
below  the  velocity  of  sound  in  air,  the  quality  of  the  exhaust  sound  will  be  much  duller  and  the 
quantity  of  noise  much  less.  The  most  effective  way  of  lowering  tho  velocity  of  sound  in  a  gas 
is  to  lower  its  temperature. 

There  are  two  means  of  accomplishing  the  cooling  of  the  exhaust  gases  before  they  reach 
the  atmosphere.  One  is  by  direct  cooling,  as  by  water  jacketing.  The  other  is  by  designing 
the  exhaust  passagos  on  the  idea  of  tho  nozzles  of  a  single  velocity  stago  steam  turbine,  so  as 
to  reduce  the  velocity  of  the  exhaust  gases  to  approach  the  velocity  of  sound  in  air,  by  efficient 
expansion  in  tho  nozzles.  This  latter  method  was  suggested  by  Mr.  F.  C.  Mock.  (S.  A.  E. 
Bulletin,  p.  270,  Vol.  V,  No.  3,  Dec,  1913.)  It  was  found  that  such  design  of  exhaust  ports 
apparently  increased  engine  power.  However,  tho  reduction  of  temperature  by  expanding  in 
nozzles  is  limited,  if  no  work  is  dono  by  the  gas.  Only  the  edge  of  tho  crack  of  the  noiso  from 
the  slug  of  gas  can  be  removed  by  means  of  expansion  alone.  If  tho  exhaust  is  made  to  drive 
a  turbine,  then  more  heat  energy  will  bo  abstracted,  useful  work  will  be  done,  and  at  the  same 
time  the  exhaust  velocities  will  be  mado  uniform  and  small. 

The  frequency  of  the  exhaust  from  a  multicylinder,  high-speed  engine  generally  is  a  source 
of  a  humming  sound,  if  in  any  way  the  air  is  mado  to  vibrate  with  the  engine  frequency.  The 
lowest  audible  note  to  the  human  ear  is  of  about  40  beats  per  second.  The  exhaust  frequency 
of  a  12-cylinder  4-cycle  engine  running  1,500  r.  p.  m.  is  150  per  second.  This  will  be  a  low- 
toned  hum.  To  this  hum  an  airplane  propeller  also  contributes  harmonics  which  will  blond 
with  the  engine  hum. 

Complete  muffling,  so  that  the  engine  will  give  neither  crack,  whistle,  nor  hum  of  exhaust 
noises  would  involve  the  smoothing  out  of  the  flow  of  exhaust  gases  into  the  atmosphere  to  a 
uniform  velocity  below  that  of  sound.  This  is  manifestly  impracticable.  With  a  pulsating 
flow  it  might  be  practicable  to  keep  the  maximum  velocity  of  exhaust  gas  entering  tho  air  below 
the  velocity  of  sound  in  the  air.  The  humming  noise  will  then  be  heard,  without  the  crack  or 
whistle. 

The  greater  portion  of  the  exhaust  from  a  c}'linder  must  pass  out  in  this  first  slug  of  high 
velocity  discharge,  as  the  average  velocity  of  the  piston  on  the  exhaust  stroke  is  only  about  25 
feet  per  second.  This  shows  that  the  actual  time  required  for  discharging  tho  major  portion 
of  tho  exhaust  of  any  one  cylinder  is  quite  short  compared  to  the  period  during  which  the 
exhaust  valve  of  this  oydinder  is  open.  A  whole  group  of  cylinders  may  bo  discharging  into  one 
exhaust  manifold  without  interferences,  provided  the  manifold  is  so  designed  that  each  slug  of 
exhaust  can  freely  escape  down  the  manifold  without  check  or  reflection.  If  too  many  cylinders 
exhaust  into  one  manifold,  there  will  be  overlap  of  the  scavenging  periods,  during  which  two  or 
more  of  the  various  exhaust  valves  may  bo  open  at  the  samo  time.  This  overlap  of  the  scaveng- 
ing periods  is  a  minor  matter  compared  to  what  happens  when  a  slug  of  exhaust  enters  some 
cylinder  through  an  open  exhaust  valve  directly  or  by  reflection. 

An  exhaust  manifold  may  reduce  the  crack  of  the  oxhaust  by  slowing  down  the  initial 
velocity  of  tho  slugs  of  gas,  and  by  a  limited  amount  of  cooling.  The  direction  in  which  tho 
exhaust  is  pointed  is  a  considerable  factor  in  the  noise  heard  by  observers,  the  intensity  of 
sound  being  much  greater  in  the  direction  of  projection.  Long  oxhaust  pipes  may  somewhat 
increase  the  muffling  effect  of  a  manifold,  by  added  friction  and  added  cooling.  However,  the 
notation  on  Table  VII,  based  upon  tho  estimates  of  several  observers,  would  indicate  that 
muffling  effect  of  manifold  and  long  smooth  exhaust  pipe  was  very  slight.  Bends,  and  also 
rough  interior  surfaces,  will  increase  the  muffling  effect  and  also  the  power  loss. 

Any  long  pipe  may  aot  as  does  an  organ  pipe,  having  a  natural  period  of  vibration  in  sound 
waves.    This  period  may  happen  to  coincide  with  the  frequency  of  the  exhaust  in  such  a  way 
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that  exhaust  gas  will  be  forced  back  into  some  cylinder  just  before  the  closing  of  its  exhaust 
valve,  entailing  an  abnormal  power  loss  at  a  critical  speed.  Such  an  efTect  was  noted  in  the 
experimental  work,  and  was  referred  to  in  the  discussion  of  Table  II. 

As  previously  stated,  the  silencing  problem  would  be  solved  if  it  were  feasible  to  reduce 
the  velocity  of  exhaust  gases  escaping  into  the  air  to  a  uniform  velocity,  less  than  the  velocity 
of  sound.  Practically,  it  is  possible  only  to  spread  out  the  peak  of  the  discharge,  or  the  "slug" 
of  exhaust  pulse,  so  that  its  velocity  is  reduced  toward  that  of  sound.  Every  slug  of  exhaust, 
not  only  while  in  the  exhaust  system  but  in  the  period  of  issuing  from  the  system,  is  a  potential 
source  and  exciter  of  sound  waves.  The  internal  vibrations  of  the  system  as  excited  by  each 
slug,  combine  their  sound  with  that  of  the  impact  of  the  slug  upon  the  air,  and  change  the 
quality  of  the  sound  as  a  whole.  Great  irregularities  of  internal  form  of  the  exhaust  system 
may  break  up  the  internal  sound  waves.  Tho  sound-producing  qualities  of  the  exhaust  slug 
are  relatively  much  greater  than  the  sound  waves  internal  in  the  exhaust  system. 

A  very  obvious  device  for  dissipating  the  oxcessive  velocity  of  initial  flow  of  each  exhaust 
is  an  expansion  chamber.  The  gas  velocity  entering  the  chamber  is  highly  irregular;  it  is 
assumed  that  the  discharge  velocity  is  much  more  nearly  uniform;  and  tho  slapping  of  tho 
external  air  by  successive  exhaust  slugs  is  stopped.  This  is  nearly  true  if  the  chamber  is 
capacious  enough.  The  slapping  action  takes  place  as  theexhaust  enters  tho  expansion  chamber, 
and  sound  waves  from  this  point  radiate  outward,  some  of  them  escaping  through  the  tail  pipe. 
To  complete  this  device  as  a  muffler,  tho  exit  of  sound  waves  would  have  to  be  prevented,  it 
being  assumed  that  the  capacity  of  the  chamber  is  sufficient  to  prevent  the  slug  passing  through 
as  such. 

If  through  the  exhaust  lino  there  is  placed  a  long  series  of  baffles,  each  baffle  will  drag  back 
a  portion  of  a  passing  exhaust  slug,  delaying  this  portion  with  reference  to  the  remainder,  and 
thus  changing  tho  flow  from  intermittent  to  nearly  uniform.  Muffling  might  then  be  secured 
by  a  sufficient  amount  of  baffling  alono.  The  cost  in  back  pressure  and  power  loss  would  be 
prohibitive,  to  say  nothing  of  the  weight  of  material  necessary  for  tho  baffles  and  general 
structure.  When  baffling  structures  are  used,  the  highly  heated  exhaust  gases  burn  out  the 
internal  structure,  and  carbon  deposits  and  oxide  scale  choke  tho  baffles.  This  burning  away 
of  internal  parts  is  a  very  serious  objection  to  the  use  of  baffles  in  mufflers  for  airplane  motors. 

A  combination  of  expansion  chamber  and  baffles  can  be  made  into  a  very  satisfactory 
muffler.  The  smoothing  of  the  pulsations  of  the  exhaust  flow  is  done  mainly  by  the  expansion 
chamber,  and  with  much  less  power  loss  than  if  it  were  done  by  baffles.  The  baffles  permit  the 
expansion  chamber  to  be  made  of  moderate  dimensions,  by  helping  the  smoothing  out  of  the 
flow.  Also,  if  properly  designed,  they  will  nearly  prevent  the  escape  of  sound  waves  from  the 
expansion  chamber  by  reflection  (backward)  and  dispersion  (scattering  and  interference)  of 
the  soimd  waves  coming  from  the  initial  slap  of  the  slug. 

In  order  to  get  the  effect  of  a  large  expansion  chamber  without  great  weight  and  size,  the 
manifold  muffler  type  ("whirl  chamber")  construction  was  proposed.  Tho  exhaust  is  brought 
tangentially  into  an  annular  space  between  two  concentric  cylinders.  The  slugs  of  exhaust  gas 
may  continue  to  travel  around  in  this  space,  but  they  can  not  escape  from  this  cylinder  until 
their  velocity  is  sufficiently  reduced  to  reverse  or  change  direction  in  some  way.  If,  for  example, 
the  gas  slug  whirls  around  the  chamber  20  times  (it  was  observed  to  travel  around  more  times 
than  this  upon  a  single  cylinder  slow-speed  engine)  it  has  had,  in  effect,  the  use  of  an  expansion 
chamber  of  a  volume  20  times  the  volume  of  the  annulus.  As  the  gas  spins,  losing  velocity, 
a  continued  series  of  small  portions  escape,  at  right  angles,  into  the  inner  cylinder  or  discharge 
passage.  The  gas  can  more  readily  turn  at  right  angles  than  reverse  itself,  so  that  there  is 
little  chance  for  a  return  pulse  to  the  cylinder.  In  spinning  around  and  escaping  inwards,  a 
subdivision  of  the  exhaust  pulse  is  made  such  that  the  successive  small  portions  enter  the  atmos- 
phere over  a  comparatively  long  period  of  time,  making  the  velocity  of  tho  exhaust  gas  enter- 
ing the  air  fairly  uniform  instead  of  highly  intermittent.  It  is  also  probable  that  the  initial 
slap  of  exhaust  entering  the  whirl  chamber  of  the  mufflers  is  less  than  if  they  abruptly  entered 
a  large  expansion  chamber,  because  there  is  relatively  a  much  smaller  change  of  size  of  passage. 
As  contrasted  with  the  use  of  baffles  to  smooth  out  the  exhaust  pulsations,  the  desired  end  is 
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accomplished  in  these  "whirl  chamber"  designs  (and  "manifold  mufflers")  with  relatively  less 
power  loss  through  back  pressure. 

In  the  typical  "whirl  chamber  mufflers"  all  metal  parts  had  one  side  exposed  to  the  air 
in  order  to  have  considerable  cooling  effect  upon  the  exhaust,  and  also  to  avoid  the  danger  of 
the  burning  away  of  the  metal.  (The  success  of  this  cooling  is  illustrated  upon  one  of  the 
mufflers  tested,  which  still  has  upon  it  a  paper  label  only  slightly  charred.)  In  so  far  as  any 
cooling  of  exhaust  is  secured,  the  muffling  is  thereby  aided. 

A  sufficient  cooling  of  the  gas  will,  in  itself,  silence  the  exhaust.  Such  cooling  is  only 
possible  in  marine  practice,  where  water  is  sprayed  into  the  exhaust  line,  and  is  found  effective. 
It  may  be  desirable  to  place  fins  for  air  cooling  upon  the  exhaust  manifolds,  pipes,  and  mufflers 
of  airplanes.  A  radiator  used  to  cool  the  exhaust  gases  for  the  purposes  of  silencing  may  sound 
like  a  humorous  suggestion,  and  yet  it  may  be  practical  on  heavy  duty  planes. 

Before  a  muffler  can  be  applied  to  an  engine  thero  must  be  a  manifold  of  some  kind  to  take 
the  exhaust  gases  from  the  engine  to  the  muffler.  This  manifold  is  itself  a  source  of  power 
loss,  both  through  friction  of  flow,  and  through  the  possible  interferences  already  mentioned, 
particularly  the  back  flow  of  exhausts.  In  the  early  days  of  internal  combustion  engines, 
manifolds  were  first  made  by  bringing  the  pipes  from  the  individual  cylinders  squarely  into  a 
collecting;  pipe.  The  right  angled  turns  of  this  design  caused  high  back  pressure  and  promoted 
interferences.  To  decrease  the  back  pressures  (and  interferences)  the  manifolds  are  now  made 
with  sweeping  curves  on  the  discharge  pipes  of  each  cylinder,  making  each  individual  pipe 
have  an  easy  entrance,  in  the  direction  of  flow,  into  the  common  pipe.  It  is  suggested  that  a 
more  compact  design  could  be  made  by  analogy  with  the  "whirl  chamber  mufflers."  The 
individual  exhaust  pipes  might  be  brought  straight  out  from  the  cylinders,  but  with  their 
center  lines  so  far  above  or  below  the  center  line  of  the  common  pipe  that  the  exhausts  would 
make  tangential  entrance  to  the  common  pipe.  This  idea  is  shown  in  the  designs  of  figures 
13,  14,  and  15.  The  change  of  direction  of  flow  from  the  individual  pipes  to  the  common 
pipe  can  probably  be  made  with  back  pressures  no  larger  than  from  the  sweeping  bends  of  the 
conventional  construction,  and  with  the  advantage  of  compactness.  The  smallness  of  back 
pressures  may  be  inferred  from  the  data  at  the  bottom  of  Table  VI  on  the  resistances  of  rings 
with  nozzles  only. 

Throughout  all  the  design  of  manifolds  and  mufflers  there  is  one  item  that  must  be  kept 
continually  in  mind.  The  sharp  pulse  of  each  exhaust  is  practically  a  mechanical  slap  or  blow 
upon  all  of  the  inside  surfaces  of  the  metal  parts.  If  these  metal  parts  arc  made  of  thin  material, 
as  they  must  be  to  save  weight,  it  is  necessary  to  so  form  them  that  they  are  inherently  stiff, 
incapable  of  buckling  or  drumming.  Otherwise  they  will  become  transmitters  for  the  exhaust 
sound  to  the  adjacent  air,  with  additional  noises  from  the  reverberation  of  the  metal  itself. 
Flat  surfaces  are  to  be  avoided,  and  doubly  or  singly  curved  surfaces  chosen. 

The  preceding  paragraphs  have  outlined  the  theory  of  muffling  and  associated  problems 
as  it  developed  to  the  authors  during  and  after  their  experimental  work. 

Early  in  the  work  there  arose  the  question  of  how  the  capacity  rating  of  a  muffler  should 
be  made.  The  data  of  Table  IV  precipitated  this  question.  The  two  different  sized  mufflers 
compared  were  presumably  alike  in  internal  design  save  that  the  longer  ones  contained  a  greater 
number  of  the  baffling  elements  in  series.  The  G.  P.  F.  design  is  given  in  figure  2  of  Report 
No.  10.  According  to  the  makers  the  horsepower  capacity  to  be  handled  by  the  28-inch 
mufflers  is  four  times  that  of  the  12  inch.  They  recommended  the  12-inch  mufflers  for 
engines  up  to  553  cubic  inches  displacement,  and  the  28-inch  mufflers  for  engines  up  to 
138  cubic  inches.  Yet  it  was  found  that  on  the  Curtiss  engine,  with  one  muffler  handling 
4  cylinders,  of  251  cubic  inches  displacement,  the  12-inch  mufflers  gave  2  inches  of  mercury 
back  pressure,  against  4  inches  from  the  28-inch  mufflers,  and  if  there  was  any  choice  as  to 
silencing  ability,  the  smaller  mufflers  were  the  better.  It  was  also  found  that  the  12-inch 
G.  P.  F.  muffler  failed  to  silence  a  3f|  by  4  inch  Chevrolet  automobile  motor  of  about  170 
cubic  inches  displacement.  This  same  12-inch  G.  P.  F.  muffler  gave  the  same  back  pressure 
and  better  silencing  effect  when  handling  all  8  cylinders  of  the  Curtiss  engine  (Table  VIII) 
502  cubic  inches  displacement,  that  it  did  when  handling  only  4  cylinders  of  the  same  engine. 
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In  Table  VII  the  data  shows  that  one  of  the  "manifold  mufflers"  had  this  same  peculiarity  of 
improving  its  silencing,  and  of  not  increasing  its  back  pressure  when  the  number  of  cylinders 
handled  was  changed  from  4  to  8.  At  the  same  time  some  "whirl  chamber  mufflers"  increased 
their  back  pressure  in  the  ratio  of  1  to  li  or  1  to  2  when  changed  from  handling  4  to  handling 
8  cylinders.  If  the  back  pressure  of  a  muffler  followed  the  usual  laws  controlling  the  increase 
of  pressure  with  quantity  passing,  the  doubling  of  number  of  cylinders  exhausting  into  a  muffler 
should  have  multiplied  the  back  pressures  by  4.  The  explanation  is  hi  part  in  the  design  of 
the  mufflers  themselves,  and  in  part  due  to  the  peculiarly  internuttent  flow  of  the  exhaust 
gases. 

The  silencing  by  the  muffler  comes  in  its  operation  upon  the  "slugs"  of  the  exhaust  gas, 
the  size  and  character  of  which  is  fixed  by  the  individual  cylinders.  In  so  far  as  the  frequency 
of  impulse  (due  either  to  multiplication  of  the  number  of  cylinders  or  to  the  increase  of  speed) 
is  concerned,  it  appears  that  the  more  frequent  the  impulse,  the  easier  it  is  to  silence  the  exhaust 
noise.  The  power  loss,  or  back  pressure,  seems  to  depend  upon  the  form  and  size  of  the  in- 
dividual impulses.  Perhaps  if  the  number  of  cylinders  should  exceed  the  present  limit  (12) 
there  might  be  sufficient  overlap  of  instantaneous  impulses  to  require  a  larger  muffler.  The 
hulk  of  the  exhaust  comes  at  the  first  opening  of  the  valve,  so  these  pulses  are  not  liable  to  be 
superposed  to  any  appreciable  extent.  The  characteristics  of  the  individual  exhaust  pulses 
are  controlled  by  volume  of  cylinder,  valve  timing,  throttle  position,  ignition  timing,  and 
mixture  ratio,  all  of  these  affecting  the  amount  of  gas  and  its  pressure  at  the  time  of  opening 
the  exhaust  valve.  The  speed  of  an  airplane  engine  is  tied  with  the  throttle  position  because 
of  propeller  characteristics,  while  an  automobile  engine  throttle  and  speed  are  independent. 

As  a  matter  of  fact,  it  appears  that  the  smaller  the  mufflers,  up  to  some  limit,  the  better 
the  silencing.  Also  the  larger  the  muffler,  the  less  the  back  pressure,  geometric  similarity 
being  assumed.  (The  28-inch  G.  P.  F.  muffler  is  not  similar  to  the  12  inch.)  The  effect  of 
change  in  back  pressure  is  slight.  So  that  the  tentative  conclusion  is  reached  that,  with  the 
muffler  design  geometrically  fixed,  and  if  the  size  only  is  changed,  then  the  smaller  the  muffler 
the  better  the  silencing  and  all  around  action,  until  the  power  loss  exceeds  the  tolerated  value. 

It  may  be  remarked  that  mufflers  taking  all  8  cylinders  of  the  Curtiss  engine  receive  about 
the  same  frequency  and  magnitude  of  impulse  as  if  used  on  one  side,  4  cylinders,  of  back  geared 
motors  such  as  the  Thomas  or  Sturtevant. 

The  effect  of  size  of  muffler  was  noted  when  using  the  same  mufflers  on  different  engines. 
The  greater  the  bark  of  the  exhaust,  the  better  was  the  relative  suppression  by  the  same  mufflei. 
The  mufflers  were  more  effective  in  suppressing  the  bark  of  the  single  cylinder  farm  engine 
(53^  by  10  inch  Ingeco)  than  on  the  Curtiss  (4  by  5  inches). 

The  suggestion  from  the  facts  mentioned  above  is  that  the  capacity  rating  of  a  muffler 
probably  should  not  be  based  upon  the  total  displacement  of  the  engine,  so  much  as  on  the 
displacement  per  cylinder. 

In  reading  the  discussion  which  follows  concerning  the  various  schemes  for  silencing  the 
exhaust  which  were  considered  in  this  work,  it  should  be  kept  in  mind  that  the  experimenters 
had  formulated  certain  requirements  and  limitations  for  mufflers  in  airplane  service.  The 
manifolding  and  mufflers  should  not  be  a  source  of  fire  risk  from  radiant  heat.  Muffler  explosions 
should  be  made  harmless,  either  through  sufficient  strength,  or  provision  of  a  breaking  piece. 
Weight  of  manifolds  and  mufflers  must  not  be  excessive.  Any  parts  so  disposed  as  to  cause 
head  resistance  must  be  made  as  small  as  possible  and  of  "stream  line"  form.  The  power 
lost  due  to  back  pressure  must  also  be  very  small.  It  is  desirable,  but  not  essential,  that  the 
muffler  be  durable,  especially  with  regard  to  burning  out  the  interior  parts.  The  amount  of 
silencing  required  is  not  great,  compared  to  the  usual  ideas  of  muffling  devices  as  exemplified 
on  automobiles.  The  reason  for  not  requiring  so  effective  silencing  is  that  there  are  many 
other  noises  coming  from  a  plane  moving  through  the  air.  Such  noises  are  the  hiss  or  whistle 
of  the  wires,  the  beat  or  drum  of  the  propeller,  and  the  valve  and  gear  noises  from  the  engine. 
It  has  been  assumed  in  this  report  that  what  the  experimenters  and  assistants  called  a  50  per 
cent  total  silencing  of  the  exhaust  noise  would  be  sufficient  and  satisfactory  for  airplanes.  If 
there  is  more  silencing  than  this,  a  muffler  cut-out  may  be  needed  by  the  pilot  to  judge  the 
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engine  performance.  However,  it  was  found  that  75  per  cent  silencing  was  easily  obtained, 
so  this  was  soon  adopted  as  a  standard. 

A  common  device  on  planes  is  a  long  exhaust  pointed  upward.  This  is  not  a  muffler,  but 
it  is  somewhat  effective  in  directing  the  sound  away  from  the  ground.  Long  pipes  running 
back  along  the  fuselage  take  the  exhaust  gas  and  some  of  the  noise  away  from  the  occupants  of 
the  plane.  If  pipes  of  smooth  interior  are  used,  the  power  loss  due  to  back  pressure  is  relatively 
small.  In  Table  VIII  it  is  noted  that  12  feet  of  2-inch  pipe  with  one  45°  elbow  caused  aback 
pressure  of  1  inch  of  mercury  on  a  Curtiss  (8-cylindcr  OX)  engine,  resulting  in  a  power  loss  of 
about  seven-tenths  of  1  per  cent.  It  is  regretted  that  data  on  the  back  pressure  due  to  flexible 
metallic  exhaust  hose  was  lost,  but  the  notation  made  was  that  4  feet  of  the  2-inch  flexible  hose 
gave  more  back  pressure  than  the  12  feet  of  standard  2-inch  wrought-iron  pipe  including  one 
45°  elbow. 

The  first  muffler  tried  out  in  this  series  of  tests  was  a  wire  mesh  muffler  shown  in  figure  4  of 
Report  No.  10.  The  muffler  type  is  that  of  expansion  chamber  plus  baffles,  relying  largely  upon 
the  bailies  for  noise  suppression.  The  power  loss  was  slight  and  the  muffling  estimated  about 
50  per  cent.  The  weight  is  15  pounds,  which  is  comparatively  great.  The  flat  metal  sides 
probably  drummed,  reducing  the  muffling  ability.  It  was  anticipated  that  the  wire  gauze  would 
burn  out  and  choke  the  passages  with  scale  under  continuous  operation.  Even  in  short  opera- 
tion the  wire  gauze  began  to  pack  although  it  did  not  burn.  These  prospective  troubles,  together 
with  the  weight,  caused  the  discarding  of  this  type. 

The  variable  pitch  spiral  muffler  mentioned  in  Table  V,  was,  as  constructed,  cumbersome. 
Its  silencing  was  estimated  at  50  per  cent  plus.  The  construction  embodied  a  cylindrical 
expansion  chamber  plus  a  baffle  placed  in  a  concentric  annular  space.  The  baffle  was  made  of  a 
single  strip,  helically  wound  around  the  chamber,  making,  in  effect,  a  long  unobstructed  path. 
This  device  is  of  the  same  type  as  a  number  of  commercial  mufflers  which  have  already  been 
more  highly  developed.    It  is  subject  to  the  disadvantages  of  Aveight,  size,  and  burning  out. 

A  Venturi  with  throat  0.75  inch  diameter  and  of  2-inch  entrance  and  exit  was  tried  on  the 
end  of  the  2-inch  exhaust  pipe.  The  throat  size  was  selected  to  give  a  gas  velocity  greater  than 
the  velocity  of  sound,  in  order  to  prevent  the  transmission  of  sound  from  the  engine  through  the 
exhaust  pipe.  The  success  was  undoubted,  as  there  was  no  crack.  But  the  velocity  of  the  gas 
in  the  throat  set  up  an  unearthly  noise  all  its  own.  The  expanding  portion  of  the  Venturi, 
instead  of  serving  as  a  diverging  nozzle,  acted  as  a  megaphone.  Then  the  Venturi  was  tried 
with  the  exhaust  first  passing  through  the  7-inch  "whirl  chamber"  muffler,  with  somewhat 
similar  results.    The  Venturi  was  also  rejected. 

The  Ford  Maxim  muffler  was  found  to  be  a  very  effective  silencer  when  used  upon  the 
Curtiss  engine,  as  well  as  when  used  on  a  Ford  automobile.  On  the  Curtiss  engine,  handling  all 
8  cylinders,  the  power  loss  was  rather  high  compared  with  some  other  devices.  Considering  the 
fact  that  the  muffler  was  built  for  a  small  engine  (the  tad  pipe  was  1  inch  diameter),  this  is 
hardly  to  be  wondered  at.    The  weight  of  12  pounds  was  prohibitive. 

Throughout  the  experimental  work  the  G.  P.  F.  12-inch  muffler  was  used  as  an  arbitrary 
standard  of  muffling  qualities.  It  appears  repeatedly  in  the  tables  on  account  of  this.  While 
estimates  of  noise  suppression  were  attempted  in  absolute  values,  the  final  decision  always  rested 
upon  relative  performance.  The  "Remarks"  of  Tables  VIII  and  IX  will  illustrate  this.  The 
G.  P.  F.  12-inch  muffler  construction,  as  shown  in  figure  2  of  Report  No.  10,  is  novel.  The 
baffles,  in  the  form  of  nozzles,  occupy  the  expansion  chamber.  The  parts  are  few  and  simple. 
Surfaces  are  doubly  curved,  making  for  inherent  stiffness.  The  peculiar  fact  was  noted  that 
this  muffler  worked  equally  well  with  either  end  as  entrance,  both  as  to  back  pressure  and 
silencing.  There  is  a  possibility  that  the  internal  parts  may  act  as  dispersers  of  the  sound  waves 
by  reflection,  as  well  as  other  ways. 

Our  attempts  to  design  mufflers,  especially  adapted  to  airplane  use,  have  followed  two 
main  lines.  The  "manifold"  series  of  designs  use  tangential  entrance  to  an  annular  whirl 
chamber,  the  gases  gradually  escaping  to  the  central  part  as  they  spin.  The  spin  chamber 
gives  the  effect  of  the  conventional  expansion  chamber  with  a  much  smaller  volume.  The 
perforated  inner  tube  replaces  the  baffles,  with  less  weight  and  back  pressure.    The  objection 
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to  the  construction  is  that  the  inner  cylinder  may  burn  out.  To  avoid  this  objection  the  "whirl 
chamber"  series  was  designed.  The  action  is  essentially  the  same  as  the  "manifold"  type,  but 
all  metal  parts  are  air  cooled  on  one  side,  and  the  weight  is  less.  A  particular  study  of  the 
"whirl  chamber"  type  is  given  in  Tables  VI  and  VII.  While  making  the  observations  on  bark 
suppression,  using  the  Ingeco  engine  (Table  VI),  the  tests  were  made  with  load,  at  about  100 
explosions  a  minute,  and  with  retarded  spark  to  give  a  vicious  bark.  The  exhaust  was  flaming 
as  it  issued  from  the  engine,  and  gave  visual  demonstration  of  the  spinning  action  in  the  whirl 
chamber,  and  of  the  gradual  emission  of  gas  from  the  muffler. 

Both  "manifold"  and  "whirl  chamber"  types  have  a  peculiarity  that  may  be  advan- 
tageous. The  exhaust  is  turned  at  right  angles  between  the  entrance  and  discharge  of  the  muf- 
fler, and  with  very  little  back  pressure.  Roughly,  the  back  pressure  is  less  than  when  using 
an  ordinary  pipe-fitting  elbow.  Short  tail  pipes  of  diameter  equal  to  the  manifolds  were  tried 
upon  these  types  of  mufflers,  and  were  found  not  to  affect  either  silencing  or  back  pressure. 
So  these  mufflers  might  be  placed  at  the  end  of  a  horizontal  manifold,  and  the  muffler  tail  pipe 
be  carried  vertically  upward. 

The  data  from  the  different  tables  in  this  report  should  not  be  indiscriminately  compared. 
The  manifolding  conditions  were  frequently  changed.  In  Tables  VIII  and  IX  the  manifolding 
arrangements  were  the  same,  apparently,  but  actually  were  not  constant.  The  increasing 
vibration  of  the  engine  continually  shook  loose  the  packing  of  the  joints  of  the  complicated 
exhaust  line.  Leaking  of  the  exhaust  from  the  manifolds  became  noticeable  and  evidently 
serious.  Part  of  the  piping  was  made  of  flexible  metallic  hose,  from  which  the  asbestos  packing 
departed.  These  troubles  make  it  improper  to  compare  the  data  of  Tables  VIII  and  IX 
directly  with  the  other  tables,  especially  in  regard  to  back  pressure.  However,  the  small  group 
of  tests,  marked  off  by  themselves  in  these  tables,  are  correct  for  relative  internal  comparisons. 
To  show  how  these  increasing  leaks  affected  back  pressure  results,  the  diagrammatic  Table  X  is 
given.  With  the  aid  of  this  diagram,  applied  to  the  data  given  in  the  previous  tables,  the  sum- 
ming of  results  as  given  in  Table  XI  is  derived.  Power  losses  are  here  inferred  from  the  curve 
established  in  plot  2. 

It  is  evident  from  this  table  that  the  "manifold"  type  of  muffler  will  give  good  silencing 
with  power  losses  less  than  1  per  cent  and  with  weights  comparing  very  favorably  with  any 
commercial  muffler.  If  minimum  weights  are  desired,  the  "whirl  chamber"  type  looks  most 
promising  although  its  silencing  action  is  not  as  good  as  the  manifold  type. 

In  the  "manifold"  muffler  type  the  size,  shape,  location,  and  total  area  of  the  holes  in  the 
inner  tube  may  bo  varied  over  a  considerable  extent.  We  used  a  total  area  of  all  holes  equal 
about  one-half  the  area  of  the  exhaust  pipe  with  very  good  results,  and  deviations  did  not  alter 
the  action  of  the  muffler  to  any  great  extent,  although  many  small  holes  probably  gave  better 
muffling  without  corresponding  increase  of  back  pressure.  The  best  construction  happened  to 
have  no  holes  opposite  the  entering  gas,  33  holes  J/g-inch  diameter  which  the  gas  first  passed, 
33  holes  -rVinch  diameter  next,  and  33  holes  34-hich  diameter  last,  just  under  the  nozzle.  We 
do  not  lay  particular  stress  upon  the  size  or  location,  except  they  shall  not  be  too  big. 

Taking  all  the  results  as  shown  in  plot  10  into  consideration,  we  have  recommended,  as  a 
tentative  design  for  the  Liberty  12-cylinder  engine,  the  design  shown  in  figure  21.  A  variant  of 
this  is  given  in  figure  22.  Both  designs  may  possibly  be  improved  by  the  addition  of  cooling 
fins.  They  are  supposed  to  be  placed  at  the  end  of  an  exhaust  manifold  handling  the  exhaust 
from  either  six  or  twelve  cylinders.  The  length  of  the  muffler  is  to  be  parallel  to  the  fuselage. 
There  is  no  real  attempt  to  stream  line  the  back  end  of  these  mufflers  for  the  stream  of  escaping 
exhaust  gas  is  supposed  to  perform  this  function.  Also  any  suction  at  the  back  end  of  the 
mufflers  due  to  lack  of  stream  lining  may  be  worth  its  cost.  In  figure  21  is  shown  a  design  in 
which  air  is  supposed  to  pass  through  the  inner  tube  to  some  extent,  aiding  in  cooling. 

It  is  possible  that  very  effective  silencing  could  be  obtained  if  the  exhaust  manifold  were 
patterned  after  the  design  shown  in  figure  15,  in  combination  with  a  muffler. 

The  completion  of  the  solution  of  the  muffling  problem  can  only  be  accomplished  by  trials 
at  fitting  manifolds,  mufflers,  and  tail  pipes  to  engines  installed  in  airplanes  and  in  use  in  actual 
flight. 
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Table  I. — Runs  at  constant  throttle,  varying  back  pressures. 

Throttlesot  to  run  the  enjine  approximately  at  the  power  recommen  led  by  the  maker,  70  13.  H.  P.  at  1.2.50  r.  p.  ra.,  with  no  applied  back  pres- 
sure except  that  due  to  the  manifolds  and  pipin?.  Table  shows  changes  by  applied  back  pressure.  Data  of  Aug.  24  and  29. 


Observations. 


Back  pressure 
(inches  of  mer- 
cury). 


South 
side. 


0.75 
.50 
.85 

1.8 
.5 

1.8 
.5 

3.2 
.5 

3.4 
.5 

5.4 

.5 
5.8 

.5 
5.8 

.5 

8.2 
.5 

8.7 
.5 

8.6 
.5 

10.6 
.5 

10.8 
.5 

10.9 
.5 

10.2 
.6 

10.8 
.6 

10.8 
.65 

10.9 
.6 
11.0 


8.0 
.6 
8.2 


5.5 
.6 
5.8 


4.2 
.6 

4.3 
.6 

2.1 
.6 

2.1 
.6 

8.6 
.5 

9.2 
.6 

9.2 


7.0 
.5 
7.3 


6.2 
.6 

6.3 
.6 

4.2 
.6 

4.2 
.6 


North 
sido. 


0.75 
.45 
.90 

1.7 
.5 

1.7 
.5 

3.1 
.5 

3.3 
.5 

5.1 
.4 

5.7 
.4 

5.6 
.4 

7.8 
.4 

8.3 
.4 

8.3 
.4 

10.2 
.4 

10.5 
.4 

10.6 
.4 

10.0 
.5 

10.4 
.5 

10.5 
.5 

10.5 
.5 
10.7 

.5 

7.8 
.5 

7.9 
.5 

5.3 
.5 

5.6 
.5 

4.0 
.5 

4.1 
.5 

2.0 
•  5 

2.0 
.5 

8.3 
.4 

8.8 
.5 

8.7 
.5 


.5 
7.0 
.5 

5.9 
.5 

5.9 
.5 

3.9 
.5 

4.0 
.5 


Tacho- 
meter 
reading 
(r.p.ra.) 


1,120 
1,120 
1,120 

1,130 
1,135 
1, 125+ 
1,130+ 

1,125 
1,135+ 
1,125+ 
1,135+ 

1,085+ 
1,100+ 
1,080+ 
1,095+ 
1,085+ 
1,100+ 

1,085 

1,100 

1,075 

1,105+ 

1,075 

1,100 

1,030+ 
1,095+ 
1,025+ 
1,100+ 
1,030+ 
1,105 

1,070 
1,115 
1,065 
1,120 
1,065 
1,120 

1,050 
1,120 
1,050+ 
1,120 

1,100 
1.125+ 
1,100 
1,120 

1,110- 
1,120- 
1,110- 
1,120- 

1,115 
1, 125 
1,115 
1.120 

1,115+ 
1,120 
1,115+ 
1,120 

1.100 

1,135 

1,110 

1,135 

1,110- 

1,135 

1,115 
1,135 
1,115 
1,140 

1,125 
1.140 
1,125 
1,140 

1.130- 
1,140- 
1.130 
1,140 


Results.  (Based  on  average  of  observations.) 

Posi- 
tion of 

end 
outlet 
valve. 

Aver- 
age 
tacho- 
meter 
(r.p.m.) 

Aver- 
age 
back 
pres- 
sure 
(in.mer- 
cury). 

Applied 
back 
pres- 
sure 

(in. mer- 
cury). 

Speed 
change, 
not  cor- 
rected 
(r.p.m.) 

Percent 
spood 

change 
(max. 

r.p.m. 
=100 

perct.) 

Percent 
power 
loss. 

True 
speod 
(r.p.m.) 

Brake 
horse- 
power. 

Brake 
M.  E.  P. 
(pounds 

per 
square 

inch). 

Loss  of 
brake 
M.  E.  P. 
due  to 
applied 
back 
pres- 
sure. 

1  Open.. 
(Shut.. 

1,120 
1.120 

0.47 
.81 

}  0.34 

3 

0 

0 

/  1.223 
\  1,223 

64.7 
64.7 

83.5 
83.5 

}  * 

Aug.  24,1910 

[Open.. 
[Shut.. 

1,135 
1,130 

.5 
1.7 

}  - 

6 

.44 

1.3 

/  1,239 
\  1,233 

67.3 
66.3 

85.7 
84.9 

}  0.8 

[Open.. 
(Shut.. 
J 

1,137 
1,126 

.5 

3.25 

}  2.75 

11 

.968 

2.9 

1  1,241 
\  1,229 

07.6 
65.7 

85.9 
84.3 

}  1.6 

Open.. 
Shut.. 

1,100 
1,085 

.45 
5.57 

}  5.12 

15 

1.364 

4.0 

f  1,201 
\  1.184 

61.2 
58.7 

80.5 
78.2 

}  2.3 

Open.. 
Shut.. 

1,102 
1,078 

.45 
8.31 

\  7.g(j 

2  18 

6. 4 

J  1,203 
\  l."7 

61.6 
57.6 

80.8 
77.3 

>  3.5 

Open.. 
Shut.. 

1,102 
1,030 

.45 
10.60 

}  10.15 

72 

6.53 

18.3 

f  1,203 
\  1,124 

61.6 
50.3 

80.8 
70.5 

|  10.3 

Open.. 
Shut.. 

1,118 
1,067 

.55 
10.45 

|  9.90 

51 

4.56 

13.1 

f  1,220 
\  1,164 

64.2 
56.8 

83.1 
75.6 

}  7.5 

Open.. 
Shut 

1,120 
1,050 

.65 
10. 77 

\  10.22 
J 

69 

8. 16 

17.4 

f  1,223 
\  1,147 

64.7 
53.4 

83.5 
73.4 

\  10.1 
f 

Open.. 
(Shut.. 

1,122 
1,101 

.55 
8.02 

}  7.47 

21 

1.87 

5.5 

/  1,225 
\  1,202 

65.0 
61.5 

83.7 
80.6 

} 

[open.. 
fShut.. 

1,118 
1,208 

.55 
5.55 

V  5.00 

10 

.894 

2.7 

f  1,220 
\  1,209 

64.2 
62.5 

83.1 
81.6 

}  1.5 

lopen.. 
Shut.. 

1,123 
1,115 

.55 
4.15 

|  3.60 

8 

.713 

2.1 

f  1.226 
l  1,217 

65.2 
63.7 

83.8 
82.6 

}  12 

lopen.. 
(Shut.. 

1,120 
1,117 

.55 
2.05 

}  1.50 

3 

'  .288 

.6 

f  1,223 
\  1,219 

64.7 
64.1 

83.5 
82.9 

}  .6 

Open.. 
Shut.. 

1,135 
1,106 

.50 
8.80 

|  8.3 

29 

2.55 

7.4 

/  1,239 
\  1,207 

67.3 
62.2 

85.6 
81.2 

}  * 

Open.. 
Shut.. 

1,138 
1,115 

.53 
7.23 

}  6.7 

23 

2.02 

6.0 

/  1,242 
\  1,217 

67.7 
63.8 

86.0 
82.6 

}  <M 

Open- 
Shut.. 

1,140 
1,125 

.55 
6.08 

}  5.53 

15 

1.32 

3.9 

/  1,215 
\  1,228 

68.3 
65.5 

86.4 
84.1 

}  2.3 

1  Open.. 
fShut.. 

1,139 
1,129 

.55 
4.08 

\  3.53 

10 

.88 

2.6 

f  1.243 
\  1,233 

67.9 
66.3 

86.1 
84.7 
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Observations. 


Results.  (Based  on  average  of  observations.) 


Position  of 
end  outlet 
valve. 


Shut. 
Open 
Shut. 
Open 

Shut. 
Open 
Shut. 
Oepn 

Shut. 
Open. 
Shut. 

Open 
Shut. 

Shut. 
Open 
Shut. 
Open 
Shut. 
Open 

Shut. 
Open 
Shut. 
Opon 

Shut. 
Open 
Shut. 
Open 
Shut. 
Open 

Shut. 
Open 
Shut. 
Open 

Open 
Shut. 
Open 
Shut. 
Open 


Back  pressure 
(inches  of  mer- 
cury). 


South 
side. 


2.0 
.6 
2.0 


3.2 

.6 
3.1 

.6 

4.3 
.6 
4.3 

.55 
4.3 

3.7 
.5 

3.9 
.5 

3.9 
.55 

6.9 
.6 
7.0 


.6 
10.3 

.6 
10.4 

.65 

12.1 
.65 

12.1 
.65 

.65 
12.1 

.65 
12.3 

.7 


North 
side. 


Tacho- 
meter 
reading 
(r.p.m.) 


1.9 

.5 
1.9 
.5 

3.0 
.5 

2.4 
.5 

4.2 
.5 
4.2 

.5 
4.2 

3.6 
.4 

3.8 
.5 

3.8 
.5 


6.7 
.5 


1,135 
1,140 
1,135 
1.140+ 

1,135 
1,140 
1,135 
1, 135+ 

1,135 
1.140 
1,125 

1,135 
1,115 

1,115 
1,125 
1,115 
1.130 
1.115 
1,125 


1,110- 

I,  130+ 

II,  105+ 
.55  1,125+ 


9.6 
.5 

10.2 
.5 

10.2 
.55 

11.9 
.55 

12.0 
.  55 


1.0S0 

1,100+ 

1,080 

1,110 

1,090 

1,115 

1,070 
1,125 
1,070 
1,120 


.45  1.125 
11.8  1.085+ 

.50  1.140 
12.1  1,085 

.6  11,140 


Posi- 
tion of 

end 
outlet 
valve. 


Aver- 
Aver-  I  age 
age  back 
tacho-  pres- 
meter  I  sure 
(r.p.m.)  (in.mer- 
cury) 


Open.. 
Shut. 


Open. 
Shut. 


I  Open. 
fSfiut. 


Open.. 
Shut 


Open. 
Shut. 


Open. 
Shut. 


Open. 
Shut. 


Open. 
Shut.. 


1.141 
1,135 


1,139 
1,135 


.1.1371 
.1,125 


1,127- 
1,115 


1.127 
1,107 


1.109 

1,083 


1.123 
1,070 


1,135 


0.55 
1.95 


.55 
2.92 


.54 
4.25 


.49 
3.85 


.56 
6.85 


.57 
10.80 


12. 02 


12.07 


1.40 


2.37 


3.71 


3.36 


6.29 


}  10.23 
}  11.42 
}  11.48 


12} 


12 


20 


26 


49 


Percent 
speed 

change 
(max. 

r.  p.m. 
=100 

perct.) 


0.53 


.352 


1.10 


1.06 


1.77 


2.34 


Percent 
power 
loss. 


1.0 


3.2 


3.2 


5.2 


12.9 


12.4  {J 


True 
speed 
(r.p.m.) 


1,246 


{5 


(  1.243 
\  1,239 


1,241 
1,228 


{! 


1.230 


/  1,226 
\  1,168 


,239 
,185 


Brake 

power.  pe 
F  square 

inch). 


68.4 
67.3 


65.9 
63.7 


65.9 
62.4 


62.7 
58.4 


65. 2 
56.3 


67.3 
58.8 


86.5 
85.6 


67.9  86.2 
67.3  85.6 


67.6  85.9 
65.5  84.1 


84.4 
82.6 


84.4 
81.4 


81.7 
77.9 


76.1 


85.6 
78.3 


Loss  of 
brake 

M.E.  P. 
due  to 

applied 
back 
pres- 
sure. 


l.S 


}  3.C 


7.7 


7.3 


Aug.  29,1916 


Table  II. — Runs  at  varying  throttle,  bach  pressure  conditions  fixed. 

Back  pressure  conditions  Axed,  in  the  sense  that  the  obstructions  to  the  escape  of  exhaust  gas  were  unchanged  through  the  series  of  runs. 
However,  the  back  pressure  changed  with  engine  power  output  due  to  change  of  amount  of  exhaust  gas. 


End  outlet  valve  alternately  open  and  closed,  relieving  or  applying  the  back  pressure. 
Power  output  varied  by  changing  the  throttle  position.  Th< 
escaping  through  a  given  manifold  and  muffler. 


Power  output  varied  by  changing  the  throttle  position.  These  runs  correspond  to  throttling  an  engine  loaded  by  propeller  with  the  exhaust 


Data  of  Aug.  21.  1916,  was  obtained  by  forcing  (by  closing  the  end  outlet  valve)  the  exhaust  to  leak  through  the  walls  of  a  4-foot  length  of  2} 
inches  flexible  metallic  exhaust  hose  and  the  joints  of  the  connections. 
Data  of  Aug.  29,  1916,  was  a  similar  set  up  with  fewer  leaks. 


Observations. 

Back  p 

ressure 

(inct 

es  of 

Tacho- 

Position of 

mercury). 

meter 

end  outlet 

reading 

valve. 

(R.  P. 

South 

North 

M.). 

side. 

side. 

Shut  

9.S 

9.5 

1,075 

.55 

.45 

1,115 

Shut  

10.2 

9.8 

1,070 

Open  

.6 

.5 

1,115 

Open  

.35 

.3 

1,040 

Shut  

7.00 

6.6 

1,000- 

Open  

.30 

.25 

1,045 

Shut  

6.90 

6.7 

1,000+ 

Open  

.15 

.1 

875 

Shut  

3.6 

3.6 

850- 

.15 

.1 

875 

Shut  

3.6 

3.6 

850 

Open  

.1 

0 

345 

Shut  

.25 

.2 

345 

Results.  (Based  on  average  of  observations.) 


Posi- 
tion of 

end 
outlet 
valve. 

Aver- 
age 
tacho- 
meter 
(R.  P. 
M.). 

Aver- 
age 
back 
pres- 
sure 
(in.mer- 
cury). 

Applied 
back 
pres- 
sure 

(in.mer- 
cury). 

Speed 
change 
not  cor- 
rected 
(R.  P. 
M.). 

Per 
cent 
speed 
change. 

Per 
cent 
power 
loss. 

True 

speed 

(R.  P. 
M.). 

Brake 
horse- 
power. 

Brake 
M.E.P. 
(pounds 

per 
square 
inch). 

Loss  of 
brake 
M.E.P. 
(pounds 

per 
square 
inch). 

Open.. 
Shut.. 

1,115 
1,072 

0.53 
9.83 

}  9.30 

43 

3.81 

11.0 

(  1,217 
I  1, 170 

63.8 
56.7 

82.5 
76.3 

}  6.2 

Aug.  24,1916 

Open  . 
Shut.. 

1,042 
1,000 

.30 
6.8 

}  6.5 

42 

4.08 

11.8 

/  1,138 
\  1,092 

52.1 
46.1 

72.2 
66.5 

}  ** 

Open  . 
Shut.. 

875 
850 

.125 
3.6 

}  3.48 

25 

2.86 

8.4 

1  955 
\  928 

80.8 
28.3 

50.9 
48.1 

}  2.8 

lOpen  . 

rshut.. 

345 
345 

.05 
.225 

|  .175 

0 

0 

0 

/  377 
\  377 

1.9 
1.9- 

7.9 
7.9 

}  ° 
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Table  II. — Runs  at  varying  throttles,  back  pressure  conditions  fixed— Continued. 


Observations. 


Position  of 
end  outlet 
valve. 


Open. 
Shut.. 
Open. 
Shut.. 

Open. 
Shut.. 
Open.. 
Shut.. 


.05 
.6 
.05 
.55 

.05 
.8 
.05 
.75 

.4 
0.2 
.6 
9.6 
.7 
10.6 
.7 
10.5 

12.1 

.95 
12.1 

.65 

8.7 
.3 

8.7 
.3 

8.7 
.35 

.15 
6.8 

.15 
6.8 

4.3 
.10 

4.4 
.1 

.10 
1.80 

.05 
1.80 


Shut   12.1 

Open   .65 

Shut   12.3 

Open   .7 


Open. 
Shut.. 
Open. 
Shut.. 
Open.. 
Shut.. 
Open.. 
Shut.. 

Shut.. 
Open. 
Shut.. 
Open. 

Shut.. 
Open.. 
Shut.. 
Open. 
Shut.. 
Open. 

Open.. 
Shut.. 
Open. 
Shut.. 


Shut.. 
Open. 
Shut.. 
Open. 

Open. 
Shut.. 
Open. 
Shut.. 


Back  pressure 
.(indues  of 
mercury). 


South 
si  !<•. 


North 
side. 


0 
.5 

0 
.5 

0 
.7 

0 
.7 

.3 
8.8 
.4 
9.4 
.6 
10.4 
.6 
10.2 

11.9 
.55 

12.0 
.55 

8.7 
.35 

8.6 
.35 

8.6 
.35 

.25 
6.8 

.25 
6.7 

4.3 

.1 
4.4 

.1 

.05 
1.80 

.05 
1.70 

11.8 
.50 

12.1 
.6 


Ta- 
cho- 
meter 
ratline 
(R.  P 
M.). 


525 
,W0 
530 
530+ 

610- 
605+ 
610- 
605+ 

1,075 

1,050 

1,110- 

1,060 

1,130 

1,080 

1, 135 

1,080+ 

1,070 
1,125 
1,070 
1,120 

995 
1,080 

995 
1,060 

995 
1,080 

1,000 

940 
1,000- 

940- 

830 
860 
830 

695 
680 
690+ 
680 

1,085+ 
1,140 
1,085 
1,110 


Results.  (Based  on  observations.) 


Posi- 
tion of 

end 
outlet 
valve. 


Open  . 
Shut.. 


Open 
Shut. 


Open 
<hu< 


Open 
Shut. 


Open 
Shut. 


Open 
Shut. 


Open 
Shut. 


Open  . 
Shut. . 


Open  . 
Shut. . 


Aver- 
age 
tacho- 
meter 
R.  P. 
M.). 


530 
530 


610 
605+ 


1,112 
1,068 


1,122  • 
1,070 


1,073 
995 


860 
830 


1,140 
1,086 


Aver- 
age 
back 
pres- 
sure 
(in.mer- 
cury). 


Applied 
back 
pres- 
sure 

(in.iner- 
cury). 


.025 
0.54 


.025 
.74 


0.50 
9.84 


12.0 


.33 
8.  67 


.20 


.10 
4.35 


.06 
1.78 


.60 
12.07 


}  0.51 
}  ■* 


}  11.4 


9.34 


8.34 


4.25 


}  1.72 
}  11.47 


Speed 
change 
not  cor- 
rected 
(R.  P. 
M.). 


Per 
cent 
speed 
change 


ii 


52 


7^ 


SO 


54 


0.5 


4.67 


7.27 


6. 01 


3.49 


4.74 


Per 
cent 
power 
loss. 


True 
speod 
(R.  P. 
It). 


1.5  j{ 


578 
578 


665 

IU',0 


11.4  {{;?» 


13.1 


20.3 


17.0 


10.1 


5.8 


13.5 


{1: 


{3 


166 


,126 


,171 


{!: 


021 


939 
906 


758 
742 


{!: 


Brake 
horse- 
power. 


10.4 
10.2 


63.4 
56.1 


65.2 
56.5 


56.8 
45.3 


45.7 
38.0 


29.3 
26.3 


15.4 
14.5 


68.1 
59.0 


per 


square 
inch). 


18.7 
18.6 


24.7 
24.4 


82.2 
75.8 


83.8 
76.2 


76.5 
65.8 


66.2 
58.5 


49.2 
45.8 


32.1 
30.7 


86.4 
78.4 


square 
inch). 


0.3 


6.4 


}  M 


}  10.7 


1.4 


}  6.0 


Aug.  24,19Hi 


Aug.  29,1916 


Tahle  III. — Run  with  and  without  wire  mesh  muffler,  varying  throttle  position,  other  conditions  unchanged. 

[Runs  of  Aug.  29, 1916.) 


Back  pressure 
(inches  or  mercury) 


Outlet  conditions. 


Muffler  in  position  beyond  quick-opening  valve  . 


Without  muffler.. 


South 
side 
(farthest 

from 
outlet). 


0.02 
.03 
.10 
.10 
.30 
.45 
.75 

0 
.02 
.07 
.10 
.25 
.40 


North 
side 
(nearest 
outlet). 


0.02 
.03 
.10 
.20 
.35 
.45 
.65 

0 
.02 
.07 
.20 
.30 
.45 


Tacho- 
meter 
reading 
(R.P.M.) 


730 

830+ 

930 
1,020 
1.100- 
1,140 
1,170 

610+ 
740 


1,090 
1,145 


Average 

back 
pressure 
(in.  mer- 
cury). 


0.02 
.03 
.10 
.15 
+  .32 
.45 
.70 

0 
.02 
.07 
.15 
.275 
.425 


True 
speed 
(R.P.M.) 


797 
908 
1,014 
1,113 

1.19S 
1,244 
1,276 

668 
SOS 
971 
1,069 
1,190 
1,250 


Brake 
horse- 
power. 


17.9 

26.5 
36.9 
48.8 
60.8 
68.1 
73.4 

10.6 
18.7 
32.4 
43.2 
59.6 
69.1 
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Table  IV.— G.  P.  F.  Mufflers;  Throttle  Varied. 

Mufflers  placed  one  on  tho  end  of  oach  straight  exhaust  manifold  for  oach  block  of  four  cylinders  of  the  Curtiss  engine.  One  pair  of  tho  28-inch 
long  mufflers  tested  first,  then  tho  pair  of  12-inch  long  mufflers  wero  used. 

[Sept.  8, 1916.) 

TWO  28-INCII  G.  P.  F.  MUFFLERS. 


Observations. 


Results. 


Throt- 
tle 

position 
(hole 
No.). 


Muffler 
on  or 
oil. 


Oft.. 
On.. 
Off.. 
On.. 

Off.. 

On.. 
Off.. 
On.. 

Off.. 
On.. 
Off.. 
On.. 


Back  pressure 
(inches  01  mercury). 


South 
sido. 


0.05 
.6 

0 

.7 

0 
l.S 
.05 
1.5 

0 


4.0 


North 
sido 


0 

0.00 
0 
.65 

0 

1.50 
.05 
1.5 


4.0 


Tacho- 
meter 
reading 
;R.P.M.) 


840 
850 
800 
850 

970 
980 
975 
975 

1,160 
1,140 
L  165 
I,  130+ 


MufTlcr 
on  or 
off. 


Ofl 
On. 

Off. 
On 

Off. 
Oa 


Aver- 
age 
tacho- 
meter 
(R.  P. 
M.). 


S50 
850 


9775 
9725 


1,1625 
1, 1365 


Aver- 
age 
back 
pres- 
sure 
(in. 
mer- 
cury). 


0.01 
.64 


.025 
1.5 


0 
4.0 


Back 
pres- 
sure 
due  to 
muffler 
(in. 
mer- 
cury). 


}0, 


1.475 


|  4.0 


Speed 
change 
due  to 
muffler 
(R.  P. 

M. 
not  cor- 
rected). 


Per 

cent 
speed 
change, 
due  to 

mul- 

fler. 


Per 
cent 

power 
loss 

due  to 
muf- 
fler. 


True 
speed 
It.  P. 
M.). 


928 
928 


oc.y 


Brake 
horse- 
power 


Brake 

K,  e.  r. 


Loss  ol 
brake 


(pounds  M.  E.P. 

per  due  to 
square  I  muf- 
Inch).  I  flor. 


28.3 
28.3 


12.  s 
42.1 


72.1 
67.4 


48.1 

48. 


!} 


63.4  \  „  - 
62.7  J  °-7 


89.7  \      ,  o 

85.8  /  3U 


TWO  12-INCU  G.  P.  F.  MUFFLERS. 


4 

[Off 

0 

0 

850 

J  On 

0.25 

0.25 

855 

lOfl 

0 

0 

855 

I  On 

.25 

.25 

855 

5 

fOtf 

.05 

0 

980+ 

On 

.55 

.55 

980+ 

Off 

0 

0 

980+ 

On 

.55 

.55 

980+ 

fOff 

0 

0 

1,150+ 

On  

1.6 

2.1 

1,150- 

Ofl 

0 

0 

1,145 

On 

1.7 

2.1 

1, 135+ 

Off 

On. 

Off 

Oa 

Off 
i  in. 


855 
855 


1,149 
1,143 


0 

0.25 


0 

0.  55 


.55 


1.9 


0.522 


1.5 


933 
933 


{  1,254 


12 17 


43.4 
43.4 


48.6 
48.6 


64.0 
64.0 


87.7 
86.8 


0.9 


1  Position  for  75  EL  P.  as  usod  in  Table  I. 

Table  V. —  Muffler  tests  on  marine  type,  4-cylinder  two-cycle  engine. 
II.  I  r.  P.  of  engine  on  those  tests  about  25.   Exhaust  noise  about  that  of  a  75 1£.  P.  8-cyIinder4-cycle  airplane  engine  when  exhaust  was  open. 


Muffler. 


Variable  pitch  spiral . 


One  unit,  "manifold  muffler." 1  end 
blocked;  gas  goes  around  end  of  inside 
cylinder. 

One  unit,  "manifold  muffler." '  end 
blocked;  gas  goes  around  end  of  inside 
cylinder. 

Two  units  of  manifold  muffler  connected 
as  designed. 


Back  pressure  (inches 
mercury). 


With. 


l.Odb 


Without. 


Due  to 
muffler. 


0.75± 


1.30 

.80 

.to 


,50 


Speed 
(R.P.M.), 


1,200 
1,230 

1,225 


Remarks. 


Noise  over  one-half  stopped;  exhaust  still  cracks  a  little. 
Back  pressure  very  small;  weight  of  muffler  large. 

Deadens  sound  more  than  spiral  did. 

Muffler  at  end  of  long  pipe  through  window  to  outdoors. 
Longer  manifold  before  muffler  may  lower  back  pressure 
of  muffler,  but  adds  back  pressure  of  its  own  that  may  be 
worse. 

Back  pressure  same  from  either  part  of  double  set-up  show- 
ing that  it  makes  little  dillerenco  whether  gas  goes  around 
end  of  cylinder  or  not.  Observed  noise  from  distance  of 
one-fourth  mile,  in  direction  to  which  open  exhaust 
pointed.  Noise  strong  when  muffler  was  off,  very  like 
an  airplane  passing  close  overhead.  Noise  practically, 
but  not  quite,inaudible  with  muffler  on.  One  could  notice 
there  was  an  engine  somewhere,  but  the  noise  would  not 
locate  it. 


1  Weight  of  one  unit  of  "manifold  muffler"  about  4  pounds. 
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Table  VI. 


Muffler  tests  on  Curtiss  OX  8-cylinder,  4  by  5  inch  motor,  using  whirl  chamber  mufflers.  A  check  run  on  manifold  muffler. 
Notes  on  ability  of  mufflers  to  silence  the  crack  of  the  exhaust  taken  on  Ingeco  single  5.5  by  10  inch  cylinder  farm  engine,  loaded  and  with 
retarded  spark. 

[Apr.  10, 1917.] 


Muffler  set-up,  for  all  8  cylinders. 


Position 
of  cone. 


tn. 


In.. 
In- 
to.. 


Fosition 
of  cover 
plate. 


In- 
to.. 
In.. 

In.. 


Width 

of 
nozzle 
(inches), 


Muffler  off 
or  on. 


(Off.. 
^On.. 
[On.. 

|Off.. 
\Oa.. 
lOn.. 

roer.. 

[On.. 

Off.. 
Off.. 
Off.. 

uir.. 
On.. 
On.. 


Back  pressure 
(inches  mer- 
cury). 


South 
side. 


0.5 
1.6 
1.6 

.5 
1.8 
1.9 


.20 
.25 
.30 
.40 

1.8 

1.9 


North 
side. 


0.10 

1.5 

1.4 


.1  1 

1.7  1 

1.8  1 


Tacho- 
meter True 
read-  speed 
ing  (r.p.m.) 

(r.p.m.) 


0 

1.65 

.05 
.05 
.05 
.05 
1.6 
1.6 


I 


140 
140 
140 

130 
130 
130 

110 
110 

100 
100 
100 
100 
100 
100 


muffler,  power 
loss 


23  f 
}  1,212 

1,201 


Back 
pres- 
sure 
due  to 


Per 
cent 
power 
loss, 
from 
B.  P. 


1.2 

1.5 
1.6 

1.55 


1.0 

1.2 
1.3 

1.25 


Crack  or  bark  suppression  on  I  ngeco ; 
general  silencing  ability;  and  re- 
marks. (Fractions  are  reduction 
of  noise,  averages  of  estimates  by  2 
or  more  observers.  Sketchesshow 
cross  section  of  whirl  chamber 
arrangements.) 


j+off  crack. 

i. 


In.. 
In. 
In.. 

In. 


Out. 
Out. 
Out. 

Out. 


/Off.. 
\On.. 

/Off.. 
\On.. 

/Off., 
\On.. 

I  Off., 
On.. 
On.. 


.40 
1.40 

.40 
1.45 

.30 
1.7 

.30 
1.2 
1.3 


.10 
1.20 

.05 
1.2 

0 

l.S 

.05 
1.0 
1.15 


1,140 
1,140 

1,130 
1,130 

1,140 
1,140 

1.120 
1,120 
1,120 


}  1.245 
}  1,235 
\  1,245 
1,223 


1.05 
1.10 
1.45 

1.0 


.85 
.90 
1.15 

.83 


,  or  less. 


Out. 
Out., 
Out. 
Out. 


Out. 
Out. 
Out. 
Out. 


Off.. 
On.. 

/Off., 
\On.. 

/Off., 
\On.. 

/Off.. 
\On.. 


.3 

.2 

1,130 

1.35 

1.10 

1,130 

.4 

.05 

1,110 

1.3 

1.1 

1,110 

.3 

0 

1,190 

1.7 

1.6 

1,190 

.3 

.05 

1.100 

1.05 

.80 

1,100 

}  1,235 
}  1,212 
|  1,300 
}  1,201 


-1.0 
-1.0 
1.45 
.75 


.8 
.8 

1.15 
.63 

 L 


I- 
i- 

J;  good  muffling. 


Barks  and  whistles;  bad. 


Removed 
Removed 
Removed 
Removed 


Removed. 
Removed. 
Removed 
Removed 


.8 


/Off., 
\On.. 

/Off., 
\On.. 

/Off. 
\On., 

/Off. 
\On.. 


.05 
.35 


.05 
.30 


1,130 
1,130 

1,100 
1,100 

1,090 
1,090 

1,050 
1,050 


}  1,234 
}  1,201 
}  1,190 
}  1, 147 


.15 
.15 
.27 
.15 


.12 
.12 
.23 
.12 


Manifold  muffler,  one  unit,  as  designed. 


Off. 

On.. 
On.. 
Off. 


.5 
1.2 
1.35 

.5 


.1 

1.0 

1.10 

0 


1,140+ 
1,140+ 
1,110 
1,110 


1,247 
1,212 


.8 
1.0 


Hood  muffling. 
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Table  VII. 

Tests  ol  muffler,*,  continuing  the  investigations  of  capacity.  Kirst  half  of  tests,  mufflers  takingcxhaust  from  all  8  cylinders  of  Curtiss  OX  engine 
Second  half  ol  tests,  mufflers  takingcxhaust  from  only  1  clock,  4  cylinders,  north  side  of  engine.   Throttle  position  No.  S. 

[Apr.  21, 1917.) 
ONE  MUFFLER  ON  8  CYLINDERS. 


Muffler  and  set-up,  specifications  of 
whirl-chamber  mufflers. 


Back  pressure  (inches  of  mercury). 


Ring 
diameter. 


('one. 


Cover. 


Nozzle 
width. 


Manifold  muffler.. 


Out. 
Out. 
Out. 
Out. 


Muffler  off. 


South. 


0. 10? 
.4 
.40 
.46 
.4 


Muffler  on. 


Tachomctor  (mul- 
tiply by  1.092  for 
truo  R.  P.  M.). 


North.  South. 


0.05 
.10 
.06 
.10 
.1 


1.G0 

1.55 

1.5 

1.3 

1.0 


North. 


Off. 


1.4 
1.4 
1.3 

1. 1 

.8 


1,150 
1,100 
1,1(10 
1,100 
1,100 


On. 


1,100 
1,155 
1. 1 1  .i  i 
1,155 
1,150 


Back 
pie  sure 
due  to 
muffler. 


Remarks;  sketches  -><  whir!, 
chamber  sections. 


1.2 
1.2 

.9 

.65 


ONE  MUFFLER  ON  4  CYLINDERS. 


12    In   Out. 


Shallow  |  Out. 
cone  in. 


In. 


Manifold  muffler.. 


Out. 


Shallow 
=  In.. 

Regular 
=  Out 

Diffusor 

plate  be- 
tween. 


Out. 


.05 


0.0 


1,140 
.9  1,140 

.7  1,140 
.7  1,150 

1.0  1,150 


1, 140 
1,140 

1,140 
1,150 

1.150 


0. 55 


.85 


lngoco  muf- 
fling fnir- 
}+;  ditlu- 
*erplalo— 
.sheet  met- 
al perfora- 
ted with 
about  100 
t-inch 
holes. 


Table  VIII. — Tests  of  muffling  qualities. 

Exhaust  carried  outdoors  by  connecting  to  the  end  of  cross  manifold  two  6-foot  lengths  of  2-inch  standard  wrought-iron  pipo,  joined  by  a 
45-inch  cast-iron  ell.  This  pipo  causod  1  inch  of  mercury  back  pressure,  additional,  on  the  engine,  but  did  not  silence  the  exhaust  noises.  Curtiss 
engine.   Throttle  position  No.  8. 

The  values  of  noise  suppression  were  obtained  from  the  collaborated  ostimatcs  of  a  number  of  observers.  Ono  stationed  in  a  direct  line  with 
the  end  of  the  exhaust  pipe.  Another  at  right  angles  to  the  line  of  the  pipe,  in  the  plane  of  the  muffler.  Another  at  the  ond  of  tho  pipe  changing 
mufflers,  and  perhaps  others  scattered  around.  The  first  two  woro  generally  about  50  feet  away  from  muffler,  but  other  distances  were  also  usou 
when  muffling  qualities  of  two  devices  woro  nearly  the  same. 

4PR.  21, 1917. 


Muffler  and  description 


Hack  pressure  (inches  mercury). 


Mufflor  off. 

Muffler  on. 

South. 

North. 

South. 

North. 

0.8 

0.7 

1.5 

1.4 

1.0 

.8 

1.6 

1.3 

1.2 

•8 

1.8 

1.7 

1.2 

1.0 

L5 

1.5 

1.2 

1.0 

1.9 

1.7 

.8 

.6 

1.4 

1.5 

1.1 

.9 

1.6 

1.4 

1.2 

.» 

1.8 

1.6 

1.2 

1.0 

1.9 

1.7 

Tachometer 
(multiply  by 
1.092  for  true 
R.  I'.  M.). 


Off. 


On. 


Back- 
pres- 
sure 
due  to 
muf- 
fler. 


Remarks,  estimated  bark  suppression, 
in  fraction  or  por  cent. 


Manifold  muffler,  insido  cylinder  not  touch- 
ing end  plate. 

12-inch  whirl,  cone  in,  cover  out  

7  by  1  inch  whirl,  shallow  cone  in,  deep  cone 
out,  no  dififuser. 

4-iuch  whirl,  cono  in,  cover  out  

Manifold  muffler,  end  of  inner  tube  closed, 
exhuast  escapes  only  through  holes  in  the 
tube  (as  designed). 

12-inch  whirl,  cone  out,  cover  out  

7  by  1  inch  whirl,  deep  cone  out,  cover  out. 

Manifold  muffler,  same  as  last  


1,150  0.7 


1,150 
1,150 


.55 
.75 


1,100  .4 

1,160  .7 

1,160  .75 

1,165  .45 

1,165  !  .65 

1,170  ;  .7 


J;  steady  swish,  no  crack. 

};  steady  swish,  less  hum  than  manifold. 
I;  sharper  crack. 

very  distinct  crack. 
S;  can  distinguish  separate  exhausts. 
|;  swish  of  explosions,  hums  steadily. 

J ;  more  exhaust  noise. 
8;  still  more  noise. 

|  +  ,  the  loud  cylinders  scarcely  audible. 


MAY  12,  1917. 


0.9 

0.8 

1.6 

1.6 

1,170 

1,170 

0.75 

1.1 

1.0 

3.2 

3.0 

1,170 

1,165 

2.05 

1.2 

1.0 

2.0 

1.8 

1,170 

1,170 

.8 

1.1 

.8 

1.85 

1.7 

1,140 

1,140 

1.25 

1.0 

2.9 

2.7 

1,135 

1,130 

4  | 

1.05 

.85 

1.7 

1.45 

1,120 

1,130 

1.25 

1.0 

2.95 

2.6 

1,130+ 

1,130- 

1.8  J 

1.25 

1.0 

1.6 

1.55 

1,130 

1,130 

.5  + 

1.2 

1.0 

1.8 

1.6 

1,145 

1,145 

.6 

1.2 

1.0 

1.9 

1.6 

1,145 

1,145 

.65 

Manifold  muffler,  tube  end  closed  

G.  P.  F.  12-inch  

7  by  1  inch  whirl,  venturi  substituted  for 
cone,  cover  out. 

Manifold  muffler,  tubo  end  closed  

G.  P.  F.  12-inch  

Manifold  muffler,  as  last  

G.  P.  F.  12-inch  

Venturi  (only)  

Manifold  muffler,  as  last  

Shell  of  manifold  muffler,  inner  tube  re- 
moved 


80  per  cent,  light  swish  and  hum. 
80  per  cent +  ;  sharp  swish. 
50  por  cent;  metallic  bark. 

I  The  different  character  of  sound  from  G. 
P.  F.  and  M.  M.  is  hard  to  compare. 
Both  are  successful  silencers. 

'  Unoarthly  howl;  loud  shriek. 


Roars  and  whistles. 


153215— S.  Doc.  166,  66-2  11 
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Table  VIII. — -Tests  of  muffling  qualities  -Continued. 
MAY  14, 1917. 


Back  pressure  (inches  mercury). 


Muffler  and  description. 


Muffler  oil.        Muffler  on. 


South. 


North.  South.  I  North. 


Tachometer 
(multiply  by 
1.092  lor  true 
R.  r.  M.). 


OIT. 


Rack 
pres- 
sure 
due  to 
muf- 
fler. 


On. 


Remarks. 


Duplex  whirl,  1-inch  entering  nozzle  '•     0.9  0.7 

Manifold  muffler,  regular     1.0  .8 

Duplex  whirl,  1-inch  entering  nozzle   1.5 


1.4 
1.3 

1.0 


...do  :  I  i.i 

Manifold  muffler,  regular   1.3 

Duplex  whirl,  (-inch  entering  nozzle   1.3 

Manifold  mulller,  regular   1.3 

Manifold  mulllor,  regular   1.2 

Duplex,  whirl  1-inch  entering  nozile   1.2 

Duplex  whirl,  k-inch  entering  nozzle   1.2 

Manifold  muffler,  regular   1.2 


.9 
1.0 
1.0 
1.0 


1.7 
1.8 
1.8 
1.9 
1.8 
1.8 
1.8 
1.8 


1.3 
1.1 
1.3 
1.4 
1.8 
1.7 
1.7 
1.7 


1,110 


1,100 
1,100 
1,110 
1,105 
il,100 
'1,100 
■1,100 
'1,100 


1,110 
1,110 
1,130 
1,110 
1,100 
1,100 

I,  110 
1,100 

II,  100 
'1,100 
'1,100 
'1,100 


0.5 
.0  - 
.6 
.85 
.00 
.80 
.65 
.6 
.6 
.6 


General  conclusions  fron  tests  of  May  14, 
after  repeated  trials,  were  that  the 
Duplex  is  slightly  the  better  silencer 
than  the  manifold;  both  very  good. 


MAY  10, 1917. 


Long  manifold  muffler. 


1.0 

0.75 

•  1.0 

1.4 

1,125 

1,125 

1.1 

.95 

1.5 

1.3 

1,130 

1,125 

1.2 

1.0 

1.7 

1.5 

1,125 

1,125 

1.2 

1.0 

1.6 

1.6 

1,125 

1,120 

0.85 
0.4 


.5 


Duplex  whirl  and  long  manifold  muffler 
about  equal  in  silencing;  both  good. 


i  About. 

Table  IX.— Tests  of  muffling  qualities. 

Various  mufflers  used.  Otherwise  apparatus  same  as  that  described  in  Table  VIII.  Tests  made  May  19  and  23,  191",  on  Curtiss  englnt 
Tests  on  Injeco  engine  for  bark  suppression  made  on  May  25,  are  shown  in  "  Iiemarks." 

Adam  C.  Davis,  ir.,  C.  A.  Pierce,  O .  M.  Hogers,  II.  Dledorichs,  V.  R.  Gage,  G.  B.  Upton,  and  Birton  N.  Wilson  individual] v  made  notes,  and 
afterwards  collectively  made  the  final  decision  on  the  silencing  qualities  of  the  various  devices. 

MAY  19,  1917. 


Back  pressure 
(inches  mercury). 


Muffler  and  description. 


Duplex  whirl, uniformly  perforated/  1.0 

diiluser,  as  before  V  1.2 

Long  manifold  muffler   1.3 

O.  P.  F.  12-inch.  

G.  P.  P.  12-inch  


Remarks. 


Weight 
(pounds). 


These  3  mufflers  all  good  silencers, 
O.  P.  F.  judged  best  in  respect  to 
noise  suppression. 


3.0 

4.3- 

4.3 


12-inch  whirl. 


Slight  roar,  perhaps  due  to  the  light 
material  used  in  construction. 


Manifold  muffler,  regular  

Duplex  whirl,  graduated  diiluser. 
O.  P.  F.  12-inch  


Second  best  on  swish;  third  on  hum. 
.35  I  First  best  on  swish;  second  on  hum. . 
1.2   [  Third  best  on  swish;  first  on  hum  


Max  m  

G.  P.  F.  12-inch  

Manifold  muffler,  r  gular. 


3.4 


4.6 
3.0 
4.3 


Of  these  3,  Maxim  judged  best  silencer,  I  12.0 
manifold  muffler  next,  and  O.  P.  F.  {  4.3 
last;  all  very  good.  |  4.6 


MAY  2.5,  1917. 


New  manifold,  double  inner  tube. 
G.  P.  F.  12-inch  


0.8 
1.0 
1.0 


0.5 


1.4 
2.0 


1,140  1,140 
  1,130 


0.4 
1.0 


New  manifold  muffler  is  much  better 
silencer  than  G.  P.  F. 


7.2 
4.3 


New  manifold,  single  inner  tube. . 
G.  P.  F.  12-inch  


1.0 


1.35 
1.8 


1, 145 
1,140 


1,145 
,140 


(New  manifold  barks  more  without 
second  inner  tube.  Now  equals 
G.  P.  F.  as  a  silencer.  A  short  tail 
pipe  on  new  manifold  muffler  does  not 
change  hack  pressure  or  silencing. 


5.9 
4.3 


On  Ingeco  engine  the  new  manifold  muffler  with  two  perforated  inner  tubes  is  easily  better  than  G.  P.  F.  12-inch  or  the  duplex  whirl  chamber 
mufflers. 
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Table  X. — Showing  hou'  the  bad  pressure  due  to  any  one  muffler  apparently  decreased  as  time  passed.    This  effect  is  due 

to  increasing  leakage  in  the  exhaust  piping  system. 


0=0.  !'.  F.  12"  Muffler. 

M-="  Manifold  Muffler"  (regular). 


L="I  ong  Manifold." 
lWPuplex  Whirl  Chamber." 


12- 
7- 


'  Whirl  Chamber,"  12". 
'Whirl  Chamber,"  7"  x  1". 


h 

t 

t 

Us 

I 


G 

G 

Q 

GG 

M 

M 

7 
/I 

7  M 

12 

M 

M  D 

D 

 G  

G 

-  L 

MM 

■Sepfd    Aug29  Apr/0 


Apr  3/ 


May  12    Moy  14    May  16  May  19  Moy  ZS 


Time  of  tests. 


Table  XI. — Summary  of  results. 


Muffler. 


Weight 
(pounds). 


Curtiss,  S-cylindcr, 
70-horsepower. 


Back 
pressure  ;  Tower 
(inches  '  loss  (per 
of  mer-  cent), 
cury). 


Noise 
suppres- 
sion esti- 
mated 
in  per 
cent). 


Silencing  qualities. 


O.  P.  F.,  12-inch  

G.  P.  F. ,28- inch  

Maxim  (Ford)  

Manifold  tvpc  

Long  manifold  

New  manifold: 

2  inner  tubes  

1  inner  tube  

Whirl  chamber  type: 

4-inch  

7  by  J  inch  

7  by  1  inch  

12-inch  

Duplex  

Wire  mesh  

Flexible  metallic  exhaust  hose. 2  inches  diameter. 
Curtiss  stock  manifold;  2  required  


4.3 


12.0 
4.6 


7.2 
5.9 

1.2 
1.8 
1.7 
3.4 
3.0 

15.0 

1 1 

'5.5 


2.0 
4.0 
3.6 


.8 

.7 
1.0 
.8 
.8- 

.8 

.3(?) 


1.6 
3.2 
2.9 
.7 


75 
40-70 
75-80 

75 


75-80 
75 


Very  good. 
Good  minus. 
Very  good  plus. 
Very  good. 
Verygood. 

Very  good  plus. 
Very  good. 


30-40 

511-liO 

.-,() 


.7 

•  2(?) 


Fair  minus. 
Fair  plus. 
Fair  plus. 
50-70    Fair  plus. 

  Good  plus. 

50 


'  Per  foot  of  length. 


=  Each. 


APPENDIX  A. 

FAN  DYNAMOMETER  DESIGN  AND  CALIBRATION. 

Because  of  its  flexibility  and  inherent  regulation,  due  to  torque  varying  as  square  of  speed, 
and  similarity  to  a  propeller,  the  dynamometer  chosen  was  the  fan  type.  The  general  scheme 
of  design  is  shown  in  figure  23.  The  resistance  plates  PP  are  of  Tobin  bronze  plate  rs  inch 
thick.  The  length,  a,  of  each  plate  parallel  to  the  shaft  is  14  inches.  The  radial  width,  b,  of 
each  plate  is  10  inches.  The  plates  are  fastened  to  the  steel  arm,  A,  which  revolves  edgewise, 
by  two  angle  irons  riveted  on  the  back  of  each  plate,  and  bolted  to  the  arm  A.  A  series  of 
evenly  spaced  holes  in  each  end  of  arm  A  makes  it  possible  to  clamp  the  plates  PP  at  any  desired 
distances  from  the  center,  making  the  outside  diameters  of  the  plates,  D0,  adjustable. 

The  fan  shaft  is  mounted  in  ball  bearings,  which  are  supported  by  a  framework  built  up 
of  steel  angle  shapes.  This  frame  is  extended,  as  may  be  seen  in  the  photograph,  figure  1  of  the 
main  body  of  this  report,  to  carry  a  rectangular  box  safety  housing  of  wire  mesh  screen  around 
the  fan. 
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The  design  is  copied  in  detail,  both  as  to  fan  and  framework,  from  a  fan  dynamometer  at 
the  A.  C.  A.  testing  laboratory  in  New  York  City,  which  in  turn  was  built  after  the  "Franklin" 
dynamometer.    In  each  case  the  fan  dynamometer  of  this  design  was  tested  out  by  driving 


60  Do 


j. 

T 


10  b 

Li 


14"- 
a  - 


3' 


-2i" 


rig,  23 

from  an  engine  or  motor  mounted  on  a  cradle,  and  the  calibration  curves  so  obtained  were 
available  to°us  and  used  for  our  machine,  as  developed  in  the  following  analysis: 

To  check  the  accuracy  of  these  calibrations  we  used  the  general  formula  for  fan  dynamom- 
eters, worked  out  by  the  White  &  Poppe  Automobile  Co.,  in  England,  and  published  in 
Automobile  Engineer,  August,  1910.  The  formula  is  quoted  in  the  book  on  Dynamometers, 
by  F.  J.  Jervis-Smith,  on  page  117.    It  is 

IIP 


a2It3N3 
4.01  X  101S 


in  which  a  is  the  side  dimension  of  a  square  plate,  replacing  the  a  and  b  of  figure  23;  R  =  -£  of 
figure  23;  and  N=*t.  p.  m.  Dimensions  were  in  centimeters  in  getting  the  constant  4.01  X  1016 
above.    We  may  generalize  the  formula  into 

abDjN3 


HP  = 


8X4.01  X1015 


for  dimensions  in  centimeters,  or 


2.545a6Z»03A3 
SX4.01X10'5 
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for  dimensions  in  inches.    This  reduces  to 

TIP  =  3.43  X  10-15  X  abD*  X  N\ 

The  formula  is  stated  by  White  &  Poppo  to  be  valid  only  if  there  is  no  interference  with  in  or 
out  flow  of  air  around  the  fan.    If  there  is  such  interference,  and  less  air  is  handled,  the  power  is 
decreased  below  that  given  by  the  formula. 
Taking  the  formula  as 

SP=  A'XIO-15  xa&ZViV3, 

we  checked  over  the  available  calibrations  of  our  dynamometer  design  by  finding  the  values  of 
K  for  different  settings  of  D0,  and  trying  to  account  for  variations  by  the  expected  interferences 
with  air  flow. 


r=///Jxio15 

abD03N3 


Table  XII. — S.  A.  E.  or  Franl-lin  calibrations,  10  by 
14  inch  plates. 


TABLE  XIII. — A.  C.  A.  calibration  (Chase),  10  by 
14  inch  platex. 


Setting 
•Do 

N 

HP 

K 

Mean 
K 

56 

600 

17.0 

3.20 

\  3.15 

56 

800 

39.0 

3.10 

50 

800 

30.7 

3.43 

[  3.42 

50 

1,000 

60.0 

3.42 

46 

800 

23.5 

3.37 

[  3.36 

46 

1,000 

45. 7 

3.35 

42 

1,000 

35.5 

3. 42 

\  3.42 

42 

1.200 
1,000 

61.5 

3.42 

38 

25.0 

3.26 

\  3.28 

38 

1.400 

69.5 

3.29 

36 

1,000 

20.7 

3.17 

[  3.15 

36 

1,400 

56.2 

3.14 

34 

1,200 

30.0 

3.15 

I  3.15 

34 

1,600 

70.7 

3.14 

32 

1,200 

25.0 

3.15 

[  3.14 

32 

1,600 

59. 0- 

3.12 

30 

1,200 

20.0+ 

3.08 

\  3.13 

30 

1,800 

70.5 

3.19 

Setting 
J), 

N 

HP 

K 

Mean 
K 

60 

600 

19 

7 

3.02 

\  3.04 

60 

400 

6 

0 

3.10 

50 

700 

20 

4 

3.40 

I  3.41 

50 

500 

7. 

5 

3.43 

42 

800 

17 

8 

3.35 

}  3.11 

42 

600 

7 

9 

3.53 

38 

900 

18 

1 

3.23 

}  3.32 

38 

600 

5 

8 

3.49 

34 

1,100 

22 

9 

3.13 

\  3.20 

34 

700 

6 

3 

3.34 

33 

1,100 

20 

8 

3.11 

\  3.13 

33 

800 

8 

2 

3.18 

32 

1.200 

24 

1 

3.04 

\  3.04 

32 

800 

7 

1 

3.03 

30 

1,300 

24 

5 

2.95 

}  2.96 

30 

900 

8. 

2 

2.98 

28 

1,400 

24 

2 

2.87 

}  2.82 

28 

1,000 

8 

4 

2.73 

26 

1,600 

27 

1 

2.69 

}  2.67 

26 

1,100 

8 

6 

2.63 

L//T 

ittng 

Va/ue 

of  K. 

ronr/ 

'Free 

Air- 

■  * 

) 

rAN  CAL/BRAT/ON DATA 
Po/rttsQ  fromA.CA  or  Chose  co/fbrof/on. 

'•     +     ••    SA.£.-  rronklin  - 
Both  wit*  io~x.  14"  Plotes. 

s 

Plat  No.  £4 


X  M  44  46  SI 

Oufsicfe  Diameter  of  Ton  Blodes,  Do ,  /rrcfres. 


The  relation  of  the  K  values  to  D0,  and  of  the  two  calibrations  to  each  other,  arc  shown  in 
plot  24.  The  A.  C.  A.  or  Chase  calibration  seems  probably  the  better,  being  notably  more  con- 
sistent internally.  This  may,  however,  be  due  to  smoothing  out  of  data  by  Chase,  by  cross- 
fairing  methods.  Low  values  of  K  for  small  values  of  I)0  are  due  to  interference  with  intake 
air  by  the  shielding  framework  around  the  fan:  small  values  of  K  at  large  values  of  D%  are  due 
to  interference  of  the  floor  and  ends  of  framework  with  discharge  air. 
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With  given  plate  size  and  setting  of  D0,  we  fix  values  of  a,  b,  and  D0  of  the  formula  1IP  = 
Kx  lO~liabD03N3,  and  K  is  also  fixed  by  the  setting,  so  that  the  formula  becomes  for  any  one 
sotting  7/P  =  const.mtX  N3.  Picking  values  of  K  from  plot  24  for  the  10  by  14  inch  plates, 
assuming  the  curve  sketched  in  along  the  Chase  points  as  correct,  we  have: 

Table  XIV. 


Do 

K 

Constant- ( XX  10-"X  10X 14X  Do1). 

26 

2.67 

6. 56X10-' 

28 

2.82 

8.66 

30 

2.96 

11.2 

32 

3.08 

14.1 

34 

3.19 

17.6 

36 

3.26 

21.3 

38 

3.32 

25.5 

40 

3.38 

30.2 

42 

3. 41 

35.4 

44 

3.42 

40.8 

46 

3. 42 

46.6 

48 

3.42 

52.9 

50 

3.41 

59.6 

52 

3.37 

66.2 

54 

3.31 

72.  S 

56 

3.23 

79.3 

58 

3.15 

85. 9 

60 

3.04 

91.8X10-* 

Tho  "constant"  gives  the  H.P.  at  1,000  r.p.m.  for  each  setting.  The  setting  used  through- 
out the  muffler  tests  on  the  Curtiss  engine  was  with  Z?0  =  42  inches,  constant  =  35.4  H.P.  at 
1,000  r.p.m. 


APPENDIX  B. 

TESTS  OF  AUTOMOBILE  ENGINE  MUFFLERS  AT  UNIVERSITY  OF  MICHIGAN. 

[Reported  in  Horseless  Ago,  May,  1915.) 

These  tests  were  made  on  a  stock  Hudson  6-cylinder  motor  of  43^-inch  bore  by  514-inch 
stroke.  For  the  purposes  for  which  we  would  like  to  use  the  data  the  method  of  test  was  unfor- 
tunate. Runs  were  made  through  the  range  of  throttle  positions  and  speeds  without  a  muffler, 
followed  by  similar  sets  of  runs  with  the  muffler  tested.  Back  pressures  were  read  with  the 
mufflers.  Power  losses  were  inferred  by  comparison  of  the  runs  with  and  without  the  mufflers. 
As  these  runs  were  somewhat  separated  in  time,  power  changes  due  to  changes  in  carburetion, 
lubrication,  ignition,  etc.,  can  not  be  sorted  out  from  power  changes  due  to  the  mufflers  alone. 
The  mufflers  tested  were  commercial  designs,  five  in  number. 

From  the  data  we  have  sorted  out  parts  from  results  on  three  of  the  mufflers  (those  found 
best  as  silencers),  tabulating  and  plotting  their  results  for  our  own  information.  The  data 
are  given  in  Table  XV  herewith.  Inspection  of  the  table,  which  may  be  taken  to  represent 
the  state  of  the  art  of  muffling  at  the  date  of  1915,  shows  how  well  grounded  was  the  fear  that 
the  muffling  of  airplane  engines  would  be  accompanied  with  prohibitive  loss  of  power.  One 
commercial  muffler  lost  about  18  per  cent  and  another  14  per  cent  of  the  maximum  engine 
power.  At  the  same  time,  however,  there  was  hope  offered,  in  that  the  smallest  and  lightest 
muffler  tested  gave  tho  best  silencing  and  also  the  least  power  loss — only  3.6  per  cent  of  the 
maximum  engine  power.  This  muffler  weighed  14  pounds  for  a  40-horsepower  motor,  or  0.35 
pounds  per  horsepower.  We  havo  now  obtained,  by  contrast,  excellent  muffling  on  a  70- 
horsepower  motor  at  a  power  loss  less  than  1  per  cent  and  with  a  weight  of  5  or  6  pounds  (less 
than  0.09  pounds  per  horsepower). 
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Table  XV. —  University  of  Michigan  tests — Hudson  6,  4%  by  5%  inches. 


Muffler. 


750  r.  p.  m. 

1 ,000  r.  p.  m. 

1 ,300  r.  p.  m. 

Back- 

Loss of 

Hack 

Loss  of 

Back- 

Loss of 

pressure 
with 
muffler 
i pounds 

per 
S'iu:irn 
inch). 

brake 

pressure 

with 
muffler 
(pounds 

per 
s' inure 
inch). 

brake 

pressure 
wilh 

muffler 
(pounds 
per 

Inch). 

brake 

B.H.P. 
with 
muffler. 

11.  1'. 
loss. 

Per  cent 
power 
loss. 

M.  K.  P. 
(pounds 
per 

B.H.  P. 

with 
muffler. 

II.  I  . 

loss. 

Per  cent 
power 
loss. 

M.K.P. 
(pounds 
per 

B,  P.H. 

will) 
muffler. 

If.  I  . 

loss. 

Per  cent 
power 
loss. 

M.  E.  P. 
(pounds 
per 

square 
Inch). 

square 
Inch). 

square 
inch). 

S 

0.25 

0.2 

4.0 

0.5 

5 

0.6 

0.4 

7.4 

0.7 

11 

1.3 

1.3 

10.6 

1.8 

11 

0.5 

0.2 

l.S 

0.5 

11 

0.75 

0.5 

4.3 

0.9 

14 

1.9 

1.8 

11.4 

2.5 

15 

0.95 

0.35 

2.3 

0.9 

15 

1.3 

1.3 

8.0 

2.4 

21 

3.1 

2.8 

11.8 

3  9 

20 

1.5 

1.0 

4.8 

2.5 

26 

2.6 

1.6 

5.8 

3.0 

29 

4.6 

4.6 

13.7 

6.5 

I  23 

2.2 

1.6 

6.5 

4.0 

27.5 

3.5 

1.9 

6.5 

3.5 

32 

5.9 

7.0 

17.9 

9.8 

f  5.5 

0 

1.8 

0.25 

5 

0 

0.05 

1.0 

0.1 

10 

0.2 

0. 05 

0.5 

0. 07 

10.5 

0 

0.1 

0.9 

0.25 

10 

0.1 

0.3 

2.9 

0.55 

16 

0. 45 

0.05 

0.3 

0. 07 

16 

0.2 

0.3 

1.8 

0.75 

15 

0.2 

0.3 

2.0 

0.55 

19 

0.6 

0.5 

2.6 

0.7 

20 

0.25 

0.3 

1.5 

0.75 

24 

0.5 

0.5 

2.0 

0.9 

29 

1.0 

1.0 

3.4 

1.4 

I  24 

0.5 

0.9 

3.6 

2.3 

31 

0.9 

0.6 

1.9 

1.1 

38 

1.1 

1.4 

3.6 

2.0 

5 

0 

0.1 

2.0 

0.25 

5 

0.1 

0 

2.0 

0 

'  8 

0.5 

0 

0 

9 

0 

0.2 

2. 2 

0.5 

11 

0.3 

0.6 

2.6 

0.9 

'  15 

1.2 

0.8 

ll 

1.1 

u 

0.3 

0.1 

0^7 

0.25 

15 

0.5 

0.8 

5.1 

1.5 

'21 

1.6 

2.5 

10.6 

3.4 

20 

0.6 

0.1 

0.5 

0.25 

25 

1,4 

1.8 

6.7 

3.3 

i  30 

2.9 

3.6 

10.7 

4.9 

I  25 

1.1 

0.6 

2.3 

1.5 

33 

2.1 

0.9 

2.7 

1.7 

'35 

4.0 

5.6 

13.8 

7.6 

1  This  group  at  1,350  r.  p.  m. 
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Muffler  Y,  besides  giving  the  least  back  pressure  and  power  loss,  was  the  least  in  weight 
and  size,  and  the  best  in  silencing  ability. 

A  partial  analysis  of  the  University  of  Michigan  data  is  given  in  plot  25,  showing  the  losses 
of  brake  M.  E.  P.  as  a  function  of  back  pressure  at  various  speeds.  At  the  right  of  plot  25 
the  curves  for  the  three  speeds  are  combined.  The  resultant  grouping  is  comparable  with 
Table  II  and  plot  11  of  the  main  body  of  this  report.  (Note  that  in  plot  11  back  pressures  aro 
in  inches  of  mercury  and  in  plot  25  in  pounds  per  square  inch.)  The  conclusions  there  reached 
are  confirmed,  at  least  qualitatively,  from  this  independent  source. 

Plot  26  shows  the  back  pressures  duo  to  the  mufflers  as  a  function  of  power  output  of  the 
engine.  It  is  similar  to  plots  7  and  12  of  the  main  report.  Plot  27  presents  the  same  data  in 
logarithmic  plotting,  just  as  plot  8  reproduces  plot  7.  The  suggestion  that  back  pressure 
varies  as  about  the  1.5  power  of  the  output  of  the  engine  is  checked. 

It  does  not  seem  quite  true,  however,  that  back  pressure  depends,  for  any  one  muffler  and 
engine,  solely  on  power  output.    The  back  pressure  (and  per  cent  power  loss)  is  higher  when 
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the  power  is  obtained  by  small  throttle  opening  and  high  speed  than  by  large  throttle  opening 
and  low  speed.  It  should  be  remembered,  however,  that  in  the  discussion  of  muffler  capacity 
we  have  pointed  out  that  some  mufflers  in  our  own  tests  did  not  increase  back  pressure  when 
the  number  of  cylinders  exhausting  into  the  muffler  was  doubled.    Other  mufflers  did  increase 


back  pressure  under  the  same  circumstances  by  50  to  100  per  cent;  none  quadrupled,  as  might 
be  expected  from  ordinary  flow  laws.  It  seems  probable  that  the  differences  between  the 
curves  for  muffler  D  in  plot  26  for  speeds  of  1,300,  1,000,  and  750  r.  p.  m.  are  largely  tied  up 
with  its  having  been  a  poor  muQler  design  (in  respect  of  power  loss)  and  that  such  a  difference 
would  show  much  less  with  the  bettor  mufflers  of  our  later  tests. 
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PART  L 


METHOD  OF  MEASURING  HEAT  ENERGY  OF  IGNITION  SPARKS.' 

By  F.  B.  Silsbee,  L.  B.  LoEn,  and  E.  L.  Fonseca. 


RESUME. 

This  report  describes  a  method  developed  at  the  Bureau  of  Standards  for  measuring  the 
total  energy  liberated  as  heat  in  a  spark  gap  by  an  ignition  s3-stem.  Since  this  heat  energy 
is  obtained  from  the  electro-magnetic  energy  stored  in  the  windings  of  the  magneto  or  coil, 
it  is  a  measure  of  the  effectiveness  of  the  device  as  an  electric  generator.  It  must  he  borne  in 
mind,  however,  that  this  total  energy  is  by  no  means  a  measure  of  the  igniting  power  of  the 
spark. 

Use  is  made  of  a  hollow  hlock  of  copper  and  the  sparks  to  be  measured  are  passed  between 
nickel  alio)'  terminals  in  a  cavity  in  the  interior  of  the  block.  The  heat  liberated  raises  the 
temperature  of  the  chamher  and  this  temperature  rise  is  measured  b}7  a  copper-constantan 
thermocouple  and  a  galvanometer.  The  apparatus  is  calibrated  by  sending  a  known  current 
through  a  heating  coil  inclosed  in  the  cavity.  Measurements  reliable  to  5  per  cent  can  be 
obtained  in  about  15  minutes  as  the  apparatus  is  usually  operated.  The  runs  can  be  shortened 
to  five  minutes  with  some  sacrifice  of  accuracy.  A  gap  length  2.1  mm.  (0.082  inch)  between 
terminals  1.5  mm.  (0.06  inch)  in  diameter  is  used,  as  this  makes  the  breakdown  voltage  and 
duration  of  the  spark  substantially  the  equivalent  of  that  occurring  in  an  aviation  engine 
cvlinder. 

INTRODUCTION. 

The  method  for  the  measurement  of  energy  dissipated  in  ignition  sparks  which  is  described 
in  this  report  was  developed  at  the  Bureau  of  Standards  as  a  part  of  the  ignition  investigation. 
It  is  recognized  that  this  total  heat  energy  is  by  no  means  a  measure  of  the  igniting  power  of 
a  spark,  since  the  latter  is  affected  by  many  other  factors.  The  value  of  this  measure  as  an 
indicator  of  magneto  performance  arises  from  the  fact  that  the  energy  which  is  liberated  in 
the  spark  gap  is  derived  from  the  electro-magnetic  energy  stored  in  the  magneto  or  coil,  and 
the  amount  of  this  energy  is  to  that  extent  a  measure  of  the  effectiveness  of  the  apparatus 
as  an  electric  generator. 

Calorimctric  methods  for  measuring  this  energy  have  the  advantages  of  greater  simplicity 
and  freedom  from  the  mamr  sources  of  error  which  are  liable  to  enter  into  purely  electrical 
methods  of  measuring  power  under  the  extreme  conditions  of  high  voltage  and  distorted  wave 
forms  which  occur  in  ignition  circuits.  The  use  of  a  copper  block  form  of  calorimeter  avoids 
the  inconvenience  of  liquid  calorimeters  and  has  been  found  very  satisfactory  for  this  as  well 
as  many  other  lines  of  work.  In  common  with  other  calorimeter  measurements,  the  results 
can  be  conveniently  expressed  in  absolute  units  and  may  therefore  be  compared  with  results 
obtained  by  other  observers  with  different  methods. 


1  This  renort  was  confidentially  circulated  during  I  lie  war  a*  Unreal  of  Standards  Aeronautic  Power  Hants  Report  No.  15 
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DESCRIPTION  OF  APPARATUS. 

The  calorimeter  itself  consists  of  a  hollow  copper  block,  as  shown  in  figure  1 ,  approximately 
3.5  cm.  (1.4  inches)  in  diameter  and  5.5  cm.  (2.2  inches)  long,  containing  a  cavity  in  the 
center.  The  spark  to  be  measured  occurs  between,  the  grounded  electrode  C  and  a  high 
potential  electrode  B,  the  latter  being  insulated  from  the  chamber  by  a  small  glass  bushing. 
These  electrodes  are  fitted  with  nickel  alloy  terminals  1.5  mm.  (0.06  inch)  in  diameter,  for 
most  work  set  to  give  a  spark  gap  of  2.1  mm.  (0.082  inch).  This  gap  may  be  varied,  if 
desired,  by  the  micrometer  adjustment  of  the  grounded  terminal. 

The  effect  of  external  temperature  changes  is  compensated  for  by  the  use  of  a  dummy 
copper  block,  E  (figure  2),  which  is  similar  to  the  working  calorimeter  but  contains  no  spark 
gap,  and  is  placed  symmetrically  with  respect  to  the  working  chamber  inside  of  a  double-walled 
wooden  box.  This  box  is  lined  with  sheet  copper  in  order  to  insure  uniform  temperature 
over  its  entire  surface.  A  copper-constantan  thermocouple  has  one  junction  imbedded  in 
each  of  the  blocks  and  by  means  of  a  Leeds  &  Northrup  type  2,400  galvanometer  serves  to 
indicate  the  difference  in  temperature  between  the  two  blocks.  The  absolute  temperature  of 
either  block  is  immaterial  and  is  not  measured.  The  galvanometer  which  has  a  sensitivity 
of  5  microvolts  per  division  and  a  resistance  of  190  ohms  has  been  found  very  satisfactory  for 
this  purpose. 

METHODS  OF  USE. 

Starting  with  the  two  blocks  at  the  same  temperature  the  spark  is  passed  in  block  A  for  two 
minutes  and  the  magneto  is  then  stopped  for  one  minute  to  allow  the  temperatures  to  equalize. 
At  the  end  of  this  third  minute,  the  galvanometer  is  read  and  the  magneto  again  started  for 
another  period  of  two  minutes  continuous  run.  This  process  is  continued  until  five  or  six 
readings  have  been  obtained.  These  galvanometer  deflections  are  then  plotted  against  time, 
giving  a  curve  similar  to  the  ones  shown  in  plot  4.  This  curve  is  then  superposed  on  the  set 
of  similar  curves  obtained  at  the  original  calibration  of  the  instrument,  and  of  which  plot 
3  is  an  example,  and  the  average  watts  corresponding  to  the  observed  curves  are  read  off  directly. 
The  heat  energy  per  spark  is  then  computed  from  the  formula 

.    .  .  watts  X  60 

joules  per  spark =sparks  per  rev  Xr  p  m 

Before  starting  a  second  measurement,  it  is  necessary  to  cool  the  chamber  A  to  the 
temperature  of  the  block  B,  but  this  is  quite  easily  done  by  moistening  it  with  alcohol  and 
allowing  this  to  evaporate. 

The  advantages  of  this  somewhat  complex  system  are  that  a  number  of  galvanometer 
readings  are  obtained  so  that  the  results  are  not  vitiated  by  a  single  error  in  reading,  and  the 
pauses  between  runs  ensure  that  the  temperatures  are  fairly  equalized  throughout  the  block. 
The  time  for  the  entire  run  is  approximately  15  minutes.  In  cases  where  the  dissipation  of 
power  is  in  excess  of  five  watts,  it  is  more  convenient  to  use  a  cycle  consisting  of  one  minute 
running  and  one  minute  equalization. 

It  is,  of  course,  possible  to  make  a  single  continuous  run  of  5  or  10  minutes'  duration  and 
take  a  single  galvanometer  reading  at  the  end  of  that  time,  and  accuracy  of  10  per  cent  or 
better  can  be  obtained  with  such  a  procedure.  It  is  also  probable  that  apparatus  of  this 
general  type  might  be  constructed  with  mercury  thermometers  instead  of  a  thermocouple 
and  thereby  avoid  the  necessity  of  using  a  sensitive  galvanometer. 

CALIBRATION. 

The  calorimeter  is  calibrated  by  the  use  of  a  coil  of  resistance  wire,  which  is  shown  in 
figure  1.  A  known  amount  of  enery  is  dissipated  in  this  coil  using  the  same  cycle  of  operation 
as  is  done  in  measuring  the  spark  energy  and  the  curves  of  galvanometer  deflection  against 
lime  arc  plotted  as  in  plots  3  and  4.  Since  the  heat  is  added  at  the  same  rate  as  in  the  actual 
operation,  this  method  of  calibration  eliminates  any  error  due  to  loss  of  heat  from  the 
calorimeter.  The  calorimeter  has  approximately  a  heat  capacity  equal  to  that  of  40  grams 
of  water,  so  that  the  temperature  rise  corresponding  to  1,000  joules  is  about  6°  C. 
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SOURCES  OF  ERROR. 

As  mentioned  above,  the  heat  losses  from  the  calorimeter  are  compensated  for  by  the  use 
of  the  dummy  chamber  and  the  method  of  calibration.  Another  possible  source  of  error  is 
conduction  of  heat  through  tho  high-tension  lead  which  is  thermally  insulated  from  the  block 
by  the  glass  bushing.  This  has  been  investigated  by  making  use  of  the  fact  that  if  sparks 
of  the  same  polarity  are  repeatedly  passed  through  a  gap,  one  electrode  becomes  much  hotter 
than  the  other.  Measurements  were  made  on  a  system  giving  this  constant  polarity,  both 
with  the  high-tension  electrode  as  anode  and  later  as  a  cathode,  and  no  difference  in  average 
energy  was  detected.  This  indicates  that  the  heat  loss  through  the  high-tension  lead,  even 
when  the  high-tension  terminal  is  much  hotter  than  it  becomes  with  alternating  sparks,  causes 
no  appreciable  error. 

The  passage  of  the  spark  through  the  air  causes  a  formation  of  oxides  of  nitrogen  and 
nitric  acid  in  the  chamber  which  have  some  tendency  to  corrode  the  interior.  Computations, 
however,  show  that  the  energy  involved  in  these  chemical  reactions  is  entirely  negligible  in 
comparison  with  the  heat  energy  dissipated.  Tho  change,  in  volume  of  the  gas,  due  to  this 
chemical  reaction,  does  not  enter  into  the  measurements  with  this  apparatus  as  it  docs  when 
an  air  thermometer  is  used. 

The  standard  length  of  gap  2.1  mm.  (0.082  inch)  was  chosen  for  this  work  because  measure- 
ments with  a  crest  voltmeter  showed  it  to  have  the  same  breakdown  voltage  as  that  of  an 
average  spark  plug  in  a  high-compression  engine  cylinder.  What  is  still  more  important,  the 
voltage  drop  across  tho  terminals  while  the  spark  continues  to  pass  is  also  substantially  the  same 
as  that  occurring  in  an  engine.  This  sustaining  voltage  is  the  principal  factor  in  determining 
the  rate  of  dissipation  of  energy  and,  consequently,  the  duration  of  the  spark.  Since  the  volt- 
ages above  mentioned  were  measured  with  the  gap  in  continuous  operation,  they  include  the 
effect  of  any  accumulated  ionization  in  the  chamber,  and  therefore  the  fact  that  the  gap  is  not 
ventilated  is  not  an  objection,  but  is,  indeed,  essential  to  the  measurements  for  only  under 
these  conditions  are  the  initial  and  sustaining  voltages  of  the  calorimeter  gap  the  same  as 
those  obtaining  in  the  average  aviation  engine. 

It  is  believed  that  the  results  obtained  with  this  apparatus  and  procedure  may  be  relied 
upon  to  5  per  cent,  and  after  the  apparatus  is  once  calibrated  a  determination  can  be  made  in 
about  15  minutes. 

TYPICAL  RESULTS. 

Plot  5  gives  a  typical  curve  of  the  results  obtained  by  this  method  on  a  shuttle  core 
magneto  at  different  speeds.  The  particular  curve  shown  represents  the  performance  of  a 
Bosch  Type  Z-H-6  taken  from  a  captured  German  airplane,  and  is  quite  similar  to  other  high- 
grade  magnetos.  Battery  systems  usually  give  less  heat,  ranging  from  0.01  to  0.03  joules 
per  spark. 
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MEASUREMENT  OF  HEAT  ENERGY  PER  SPARK  OF  VARIOUS  IGNITION  SYSTEMS. 1 

By  F.  13.  Silsbee  and  E.  L  Fonseca. 


r£sum£. 

The  duty  of  an  ignition  system  is  to  produce  definitely  and  reliably  in  the  engine  cylinder 
a  spark  sufficiently  energetic  to  cause  the  rapid  and  certain  combustion  of  the  explosive  mixture. 

This  report  gives  the  results  of  direct  measurements  in  absolute  units  of  the  total  heat 
supplied  to  a  spark  gap  by  ignition  systems  of  different  types  operating  at  various  speeds  under 
conditions  substantially  equivalent  to  those  in  the  cylinder  of  a  high-compression  aviation 
engine.  Values  ranging  from  0.16  joules  (0.00015  B.  t.  u.)  per  spark  in  the  more  powerful 
niametos  to  0.0o  joules  (0.00003  B.  t.  u.)  in  the  case  of  a  battery  system  are  recorded. 

The  actual  igniting  power  of  a  spark  depends  on  many  factors  which  arc  at  present  little 
understood,  and  the  total  heat  energy  is  by  no  means  a  direct  measure  of  this  igniting  power. 
It  does,  however,  give  an  index  of  the  total  power  output  of  each  type  of  machine,  and  forms  a 
basis  for  a  study  of  the  effect  of  various  features  of  design  upon  this  output.  Besides  the 
systematic  data  given  in  the  curves  on  plots  1  to  16,  inclusive,  and  Table  1,  additional  meas- 
urements were  made  which  showed  that  a  condenser  connected  in  parallel  with  the  spark  gap 
did  not  affect  the  heat  liberated.  The  heat  was. also  found  to  be  independent  of  the  gap  length 
until  this  becomes  so  short  that  the  spark  lasts  unt  il  the  closing  of  the  breaker.  For  still  shorter 
gaps  the  heat  dissipated  becomes  less. 

INTRODUCTION. 

When  a  spark  discharge  from  an  induction  coil  or  high-tension  magneto  passes  through  a 
gas,  a  very  appreciable  amount  of  electrical  energy  is  liberated  which  is  rapidly  dissipated  as 
heat  in  the  gas  and  to  some  extent  in  the  electrodes.  This  heat  energy  is  derived  from  the 
electromagnetic  energy  stored  in  the  windings  before  the  passage  of  the  spark  and  the  amount 
of  this  energy  is  to  that  extent  a  measure  of  the  effectiveness  of  the  device  as  an  electric  gene- 
rator. Very  little  is  known  as  to  the  detailed  sequence  of  events  by  which  the  gas  is  ignited, 
and  it  is  undetermined  whether  the  ionization,  which  is  always  present,  is  an  essential  factor 
or  whether  the  process  is  merely  a  thermal  effect  due  to  the  high  temperature  resulting  from 
the  rapid  dissipation  of  a  relatively  large  amount  of  energy  in  a  small  space. 

Recent  experiments  indicate  that  the  total  amount  of  energy  required  to  explode  a  gaseous 
mixture  (approximately  0.002  joules)  is  much  less  than  that  supplied  by  even  a  very  weak 
ignition  system  of  the  conventional  type.  It  is  probable,  however,  that  cases  of  faulty  carbu- 
retion,  where  drops  of  fuel  must  be  vaporized  by  the  spark,  require  a  discharge  of  very  appre- 
ciable heat  content.  In  such  cases  the  larger  volume  and  the  longer  duration  of  the  hotter 
spark  are  also  of  value. 

This  report  contains  the  results  of  calorimetric  measurements  of  the  energy  content  of 
the  sparks  produced  under  standard  conditions  by  various  types  of  ignition  systems.    The  data 
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are  of  value  both  as  a  general  index  of  the  power  of  each  machine  for  comparative  purposes 
and  also  as  a  basis  for  the  more  complete  study  of  the  effects  of  various  features  in  design  upon 
the  delivered  energy  of  a  magneto. 

Regular  runs  were  made  on  15  magnetos  and  one  battery  system  for  total  energy  output, 
the  energy  being  measured  on  a  specially  constructed  calorimeter  described  in  a  later  paragraph. 
Observations  were  taken  on  the  magnetos  at  speeds  up  to  3,500  revolutions  per  minute.  Pre- 
liminary measurements  have  also  been  carried  out  to  determine  the  effect  of  spark  length  and 
other  variables  on  the  total  energy. 

METHOD. 

The  calorimeter  used  is  fully  described  in  Part  I  of  this  report  and  consists  chiefly  of  two 
hollow  copper  bombs  of  approximately  the  same  shape  and  volume,  suspended  by  means  of 
hard  rubber  posts  in  a  dead-air  space.  The  spark  is  made  to  pass  between  nickel  alloy  spark 
points  in  the  interior  of  one  bomb  and  the  rate  of  rise  of  temperature  of  this  bomb  over  the 
other  is  measured  by  means  of  a  thermocouple  and  galvanometer.  Previous  calibration  with 
a  known  heater  resistance  and  direct  current  provides  means  for  determining  the  constant  of 
the  apparatus. 

In  the  regular  runs  a  standard  spark  length  of  2.1  mm.  (0.0S2  inch)  between  flat  surfaces 
1.5  mm.  (0.059  inch)  in  diameter  was  used.  This  gap  was  chosen  because  it  was  found  by 
measurement  to  have  the  same  breakdown  voltage  (about  6,000  volts)  as  that  of  a  0.5  mm. 
(0.020  inch)  gap  between  spark-plug  electrodes  in  a  high-compression  aviation  engine.  Further- 
more the  voltage  required  to  sustain  the  arc  across  these  electrodes  is  approximately  the  same 
as  that  of  an  operating  plug.  Consequently  the  rate  of  dissipation  of  energy  and  the  duration 
of  the  spark  are  substantially  the  same  as  in  actual  practice.  A  more  detailed  description  of 
this  method  is  given  in  Part  I  of  this  report. 

REGULAR  RUNS. 

The  principal  features  of  each  of  the  systems  tested  are  tabulated  in  Table  I,  and  the 
observed  values  of  heat  energy  are  plotted  against  magneto-driving  shaft  speed  in  plots  1  to 
16,  inclusive.  Where  the  magnetos  were  provided  with  variable  spark  position,  the  measure- 
ments were  made  at  full  advance.  The  data  from  these  plots  are  summarized  in  Table  II. 
Column  III  gives  the  average  joules  per  spark  over  the  range  from  500  to  2,500  revolutions 
per  minute  of  the  magnetos;  column  IV  gives  the  maximum  joules  per  spark,  and  column  V 
the  speed  at  which  this  maximum  occurs;  column  VI  gives  the  joules  per  spark  at  the  speed 
required  for  operating  at  1,500  revolutions  per  minute  a  4-cycle  engine  of  the  number  of  cylinders 
for  which  the  magneto  is  designed;  column  VII  gives  the  joules  per  spark  at  the  speed  at  which 
the  system  is  delivering  100  sparks  per  second. 

Table  I. 
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Table  II. 


Plot. 


II 


Magneto. 


Ill 

Average 
joules/spark, 

500-2,500 
revolutions 
per  minute. 


American  Bosch  

Berkshire  (left-hand) . . 
Berkshire  (right-hand) 

S.  E.  V.  No.  1  

S.  E.  V.  No.  2  

Berling  (Br.)  

Berling  (J.)  

Lencke  

American  

Heinze  (long  cam)  

Dixie  

Simms  

Heinzo  (short)  

Liberty  coil  

CJcrman  Bosch  

B.  T.H  
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.086 
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Maximum 


0. 165 
.054 
.062 
.090 
.075 
.114 
.082 
.100 
.120 
.108 
.108 
.141 
.075 
.030 
.100 
.033 


575 
900 
975 
950 

1,000 
900 

1,050 

1,450 
5.50 

1,000 
925 
600 
775 

Low  speed. 
750 
1,000 


VI 


VII 


Joules/spark 

Perenmg!re  sparks/^ond. 


speed. 


0.121 
.048 
.028 
.082 
.070 
.056 
.052 
.160 
.062 
.072 


.049  i 
.020 
.066 
.032 


>  0.128 
>.048 
1  . 030 
».082 
'.070 
'  .056 
'  .052 
■  .136 
'  .062 
».093 
»  .0S9 
'  .111 
'  .  054 
•.025 
l  .068 
'.032 


.  /  '  Corresponding  magneto  speed,  3,000  revolutions  per  minute. 

'  Corresponding  magneto  speed,  1,500  revolutions  per  minute. 
•  Corresponding  distributor  speed,  500  revolutions  per  minute. 

It  will  he  noticed  that  all  the  curves,  with  the  exception  of  the  Liherty  battery  and  coil 
ignition  set,  have  the  the  same  general  characteristic  shape,  rising  rapidly  to  a  maximum  value 
at  some  low  speed — generally  between  750  and  1,000  revolutions  per  minute — then  slowly 
decreasing  toward  higher  speeds.  In  practically  every  case  a  peculiar  bend  in  the  curve,  which 
is  shown  very  markedly  in  plot  1,  is  evident. 

The  energy  curve  of  the  Liberty  coil  (plot  14)  starts  with  its  highest  value  at  a  very  low 
speed  and  remains  constant  up  to  about  140  revolutions  per  minute.  At  higher  speeds  the 
primary  current  does  not  have  time  to  build  up  to  its  maximum  value,  which  causes  a  decrease 
in  total  energy  as  the  speed  is  increased.  In  order  to  give  a  better  comparison  the  coil  system 
curve  is  replottcd  as  a  dotted  line  to  correspond  to  the  speed  of  rotation  of  a  four-spark  magneto. 
(The  coil  as  operated  gave  12  sparks  per  revolution.) 

SPECIAL  RUNS. 

Several  different  runs  were  made  on  typical  magnetos  to  determine  the  effect  of  (a)  type 
of  distributor;  (b)  condenser  added  to  primary  circuit;  (c)  large  number  of  secondary  turns; 
(d)  length  of  spark  gap;  (el  added  secondary  capacity. 
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(a)  A  D-81  Bcrling  magneto  with  demountable  distributors  was  used  to  determine  the 
effect  of  the  jump-spark  distributor  as  compared  to  the  brush;  plots  7  and  6  show  the  total 
heat  curves  of  this  magneto  with  the  two  types  of  distributor,  respectively.  Although  the 
general  shape  of  the  two  curves  is  the  same,  the  energy  obtained  with  the  jump-spark  dis- 
tributor is  about  10  per  cent  less  than  that  obtained  with  the  brush  over  the  whole  range. 

(b)  It  is  not  definitely  known  whether  the  depressions  occurring  in  all  the  curves  are  of 
electrical  or  mechanical  origin.  Plot  4  shows  a  very  interesting  point  that  was  brought 
out  on  the  curve  for  S.  E.  V.  No.  1.  A  0.5  microfarad  paraffined  paper  condenser  was  put 
across  the  primary  breaker  in  parallel  with  the  original  condenser  of  about  0.2  microfarad 
in  the  magneto.  This  additional  capacity  did  not  alter  the  running  condition  as  far  as  spark- 
ing at  the  breaker  points  was  concerned,  but  the  whole  curve  of  heat  energy,  together  with 
the  position  of  the  depression,  was  moved  toward  the  origin  by  a  definite  amount.  It  shou'd 
be  noted  that  none  of  the  maximum  or  minimum  points  in  the  curves  was  raised  or  lowered. 

(c)  Plot  3,  which  shows  the  energy  curve  for  a  two-spark-per-revolution  Berkshire 
magneto  of  the  inductor  type,  is  also  of  interest.  This  machine  gives  four  flux  reversals  per 
revolution,  but  the  primary  breaker  cam  is  so  arranged  that  only  two  breaks  are  made  per 
revolution,  and,  therefore,  but  two  of  the  flux  reversals  are  used.  This  magneto  is  wound 
with  a  very  large  number  of  secondary  turns,  and  it  was  found  that  beyond  2,500  revolutions 
per  minute,  due  to  the  large  voltage  of  rotation  generated  in  the  secondary  winding,  four 
sparks  occur  per  revolution.  By  leaving  the  primary  circuit  open,  four  sparks  per  revolution 
were  obtained  at  all  speeds  above  2,500  revolutions  per  minute.  This  accounts  for  the  appar- 
ently increased  heat  per  spark  obtained  at  the  higher  speeds.  The  Dixie  12-cylinder  and  the 
Hcinzc  12-cylinder  magnetos  also  generated  sufficient  rotation  voltage  to  break  down  a  5-milli- 
meter (0.2  inch)  spark  gap  in  air. 

(d)  Plot  17  shows  the  effect  of  increasing  the  calorimeter  spark  gap.  These  runs  were 
made  using  a  type  D-6  Dual  Bosch  magneto,  firing  all  points  through  the  distributor.  The 
readings  were  taken  at  a  constant  speed  of  S00  revolutions  per  minute.  The  heat  per  spark 
increases  in  value  up  to  a  1.2-millimctcr  gap,  beyond  which  it  stays  practically  constant.  The 
slope  of  the  curve  toward  zero  is  probably  due  to  the  fact  that  with  small  gaps  the  sustaining 
voltage  is  low,  the  duration  of  the  spark  is  correspondingly  long,  and  the  closing  of  the  breaker 
quenches  the  spark  before  the  full  amount  of  available  energy  has  been  expended.  The  average 
secondary-  current  also  is  larger  with  a  short  gap,  and,  therefore,  the  PR  loss  is  greater  and 
the  spark  energy  less. 

Plots  10  and  13  show  the  effect  of  the  length  of  cam  (i.  e.,  the  angle  during  which  the 
primary  breaker  is  held  open).  In  plot  13  the  breaker  closes  before  the  spark  has  had  time 
to  dissipate  all  the  available  energy.  This  both  decreases  the  fraction  of  the  total  stored 
energy  which  is  liberated  in  the  gap  and  also  interferes  with  the  building  up  of  current  for 
the  next  spark,  so  that  the  available  energy  is  also  reduced.  In  plot  10  a  similar  magneto 
with  longer  cams,  which  prevent  this  interference,  shows  nearly  50  per  cent  greater  spark 
energy. 

Several  runs  were  made  at  constant  speed  on  the  Bosch  D-6  magneto,  with  a  condenser 
of  0.0017  and  0.0034  microfarad  capacity  placed  across  the  calorimeter  gap.  It  was  found 
that  this  caused  no  appreciable  change  in  the  total  energy  of  the  spark,  hut  the  discharge  was 
changed  from  a  more  or  less  flaming  arc  to  a  snappy  white  spark. 
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THE  SUBSIDIARY  GAP  AS  A  MEANS  FOR  IMPROVING  IGNITION.1 

Jiy  W.  S.  Gorton. 


R&SUM&. 

This  report  was  prepared  at  the  Bureau  of  Standards  for  the  National  Advisory  Com- 
mittee for  Aeronautics. 

Additional  or  subsidiary  gaps  have  frequently  been  used  in  jump-spark  ignition  systems, 
in  order  to  cause  the  resumption  of  sparking  in  fouled  spark  plugs.  The  series  gap,  to  which 
the  greater  part  of  this  report  is  devoted,  is  a  subsidiary  gap  in  the  connection  between  the 
high  tension  terminal  of  the  plug  and  that  of  the  magneto  or  coil.  A  brief  account  is  given 
of  the  use  of  this  gap  up  to  the  present  time  and  also  of  the  statements  concerning  it  which  have 
gained  some  currency,  most  of  which  are  shown  to  be  erroneous.  The  simple  theory  of  the  action 
of  the. series  gap  is  discussed  and  a  detailed  account  given  of  the  effect  upon  the  sparking  ability 
of  the  plug  produced  by  changes  in  the  values  of  the  electrical  resistance  of  the  fouling  and  of 
the  capacities  in  parallel  with  the  plug  and  with  the  magneto  or  coil.  Experiments  confirm 
the  main  features  of  the  simple  theory.  The  points  of  difference  between  the  conditions  as 
postulated  in  the  simple  theory  and  the  conditions  actually  existing  are  enumerated  and  their 
bearing  upon  the  design  and  operation  of  the  series  gap  discussed.  The  ensuing  section  is 
devoted  to  a  discussion  of  the  design  of  series  gaps. 

It  is  concluded  that  the  series  gap  may  be  used  as  a  remedy  for  a  considerable  part  of 
the  trouble  due  to  the  fouling  of  plugs  which  is  met  with  in  practice,  since  it  has  been  found 
possible  by  the  use  of  a  series  gap  on  an  average  ignition  system  to  spark  a  plug  having  a 
fouling  resistance  of  only  4,000  ohms. 

INTRODUCTION. 

The  spark  plugs  used  on  internal  combustion  engines  employing  the  jump-spark  system 
of  ignition  are  subject  to  many  ills.  At  present  the  chief  of  these  is  the  fouling  of  the  plugs 
with  carbon  and  oil,  which  are  deposited  on  the  surface  of  the  insulation  forming  a  conducting 
path  between  tho  electrodes  of  the  plug.  The  resistance  of  this  path  frequently  falls  so  low 
that  sparks  will  no  longer  pass  between  the  electrodes.  It  has  been  found  that,  under  these 
conditions,  modifications  of  the  ignition  system  involving  the  use  of  an  additional  spark  gap, 
or  gaps,  will  cause  sparks  to  pass  again  between  the  electrodes.  Such  spark  gaps  are  called 
subsidiary  gaps  and  the  use  of  them  will  be  discussed  in  this  report. 

Some  of  the  ignition  systems  employing  subsidiary  gaps  have  been  of  designs  radically 
different  from  those  ordinarily  used.  In  the  majority  of  cases,  however,  the  use  of  a  subsidiary 
gap  has  involved  merely  the  insertion  of  a  gap  in  the  connection  between  the  high-tension 
terminal  of  the  magneto  or  coil  and  that  of  the  spark  plug.  Such  a  subsidiary  gap  is  called  a 
series  gap,  and  it  is  with  this  gap  as  opposed  to  the  other  varieties  of  subsidiary  gaps  that  this 
report  principally  deals. 

The  series  gap  has  been  made  in  many  forms  and  employed  in  numerous  ways.  A  large 
number  of  claims,  frequently  of  an  extravagant  character,  have  been  made  in  its  favor,  while 
there  have  also  been  objections  raised  against  the  use  of  such  devices. 

The  purpose  of  this  report  is  to  make  available,  in  a  form  convenient  for  reference,  the  more 
important  information  concerning  series  gaps,  and  to  state  what  may  reasonably  be  expected 


i  This  Kcport  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Tower  Plants  Report  No.  31. 
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of  them,  in  order  to  avoid  either  undue  optimism  or  pessimism  concerning  their  usefulness. 
To  these  ends  the  present  report  comprises: 

(A)  A  statement  of  the  past  and  present  state  of  "the  art." 

(B)  A  summary  of  our  present  knowledge  of  t he  action  of  series  gaps. 

(C)  Design  of  the  series  gap. 

(D)  An  estimate  of  the  degree  of  utility  which  may  reasonahly  he  expected  of  series 

gaps. 

(A)    PAST  AND  PRESENT  STATE  OF  THE  ART. 

In  the  automobile  field  racing  drivers  have  long  used  the  series  gap  for  improving  the 
ignition  of  their  cars.  In  its  original  form  it  consisted  simply  of  a  block  of  wood  fastened  to 
the  spark  plug.  To  this  block  was  attached  the  high  tension  lead  in  such  fashion  that  there 
was  a  small  gap  between  the  end  of  the  wire  and  the  terminal  on  the  insulated  electrode  of  the 
spark  plug. 

Recently  various  commercial  forms  of  the  series  gap,  usually  intended  for  attachment  to 
standard  spark  plugs,  have  appeared.  Those  of  American  manufacture  that  have  come  to 
the  attention  of  this  bureau  are  as  follows:  (a)  Master,  (b)  Speco,  (e)  Superspark,  (d)  Walden 
Worcester. 

The  Master  and  Superspark  devices  may  very  well  be  described  together  as  they  are  similar 
in  construction.  In  each  device  the  series  gap  is  in(  losed  in  a  steel  container  whi<  h  is  intended 
to  be  air-tight.  The  spark  takes  place  between  steel  points,  one  of  which  is  integral  with  the 
steel  housing. 

The  Speco  device  consists  of  a  spark  gap,  the  electrodes  of  whu  h  are  of  nickel  alloy,  which 
is  open  to  the  air.  It  is  surrounded,  however,  by  a  Davy  copper  gauze  to  prevent  the  spark 
from  igniting  any  gasoline  vapor  which  may  be  present. 

The  "Walden  Worcester  series  gap  is  made  integral  with  the  spark  plug  of  the  same  name. 
The  electrodes  are  of  nickel  alloy  and  one  of  them  is  the  central  w  ire  of  the  spark  plug,  I  he  outer 
end  of  which  is  flush  with  the  surface  of  the  porcelain  insulation.    The  gap  is  open  to  the  air. 

The  French,  in  their  aviation  engines,  have  used  a  form  of  the  series  gap  called  by  them  the 
"  Carbolyseur. "  It  consists  of  a  gap,  at  the  central  point  of  the  distributor,  the  length  of  which 
can  be  varied  at  will  by  the  pilot  in  order  to  secure  the  best  running  of  his  engine.  Xo  detailed 
description  of  the  "Carbolyseur"  is  available  at  the  present  writing. 

Several  systems  of  ignition  involving  high  frequency  electrical  oscillations  have  been  devised. 
The  Lodge  system  is  the  best  known  of  these  systems  and  will  be  described  briefly.  It  consists 
simply  of  one  or  two  condensers  which  are  charged  by  the  magneto  or  coil,  and  which  discharge 
across  a  subsidiary  gap,  called  by  the  inventor  the  "  primary  gap. "  The  spark  plug  is  in<  luded 
in  the  discharge  circuit  of  the  condensers  and  a  spark  takes  place  between  the  electrodes.  The 
circumstances  governing  the  passage  of  the  spark  are  identical  with  those  described  later  in  the 
discussion  of  the  action  of  the  series  gap. 

Man}7  advantages  have  been  claimed  for  the  series  gap  and  some  objections  have  been  urged 
against  it.    The  former  are  more  numerous  than  the  latter  and  some  of  them  are  so  extreme  in 
character  that  it  was  considered  worth  while  to  tabulate  all  of  the  claimed  advantages  and 
objections  that  have  come  to  the  attention  of  the  bureau, 
(a)  Advantages  claimed: 

1.  Ability  to  lire  any  ping  no  matter  how  badly  damaged. 
1      2.  Increased  power,  speed,  and  economy. 

3.  Fatter,  hotter  spark. 

4.  Negligible  energy  lost  in  series  gap. 

5.  Increases  speed  of  propagation  of  explosion. 

6.  Visible  spark  gives  means  of  finding  trouble. 

7.  Leaner  mixture  may  be  used. 

8.  Reduces  "amperage";  no  burning  out  of  breaker  points. 

9.  Increased  energy  available  for  ignition. 
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(h)  Objections  urged: 

L.  Hard  on  insulation  of  ignition  s\'stem. 

2.  Causes  large  drain  of  current. 

3.  Causes  difficulty  in  starting. 

The  experimental  and  other  evidence  on  the  questions  above  enumerated  will  now  be 
discussed. 

(a)    ADVANTAGES  CLAIMED. 

(1)  Claim  No.  1  is  obviously  not  true.  It  is,  of  course,  unquestioned  that  plugs  can  some- 
times be  fired  by  means  of  a  series  gap  when  they  can  not  be  fired  without  it,  but  the  ability  of 
the  series  gap  to  fire  a  fouled  or  otherwise  damaged  plug  depends  entirely  upon  the  value  of  the 
resistance  shunting  the  plug  gap.  If  this  shunting  resistance  reaches  a  sufficiently  low  value 
it  may  become  impossible  to  lire  the  plug.  For  the  average  spark  plug  and  magneto  this  limiting 
value  of  resistance  is  of  the  order  of  magnitude  of  several  thousand  ohms.  Fouling  with  a 
resistance  of  this  order  of  magnitude  is  of  not  infrequent  occurrence. 

(2)  The  use  of  a  series  gap  may  result  in  increased  power,  speed,  and  economy,  as  claimed, 
but,  as  far  as  our  present  knowledge  goes,  only  indirectly.  The  increase  in  magnitude  of  the 
quantities  named  results  solely  from  the  fact  that  the  use  of  the  scries  gap  may  cause  to  be 
fired  charges  of  the  explosive  mixture  which  otherwise  would  be  discharged  from  the  engine 
unigniled.  The  claim  of  increased  power,  speed  and  economy  as  frequently  made  is  that  the 
use  of  the  series  gap  will  bring  about  the  result  mentioned  even  though  every  charge  was  being 
fired  by  the  engine  without  the  use  of  the  gap.  This  claim  has  been  investigated  experimentally 
at  the  Bureau  of  Standards  and  found  to  be  unjustified.  Experiments  were  made  on  both  a 
truck  and  an  aviation  engine  in  which  a  commercial  form  of  the  series  gap  was  attached  to 
each  plug.  A  switch  at  each  plug  was  provided,  whereby  the  series  gap  could  be  short  circuited 
at  will.  It  was  found  that  the  running  of  the  engine,  and  the  consumption  of  gasoline,  was 
entirely  unaffected  by  the  presence  or  absence  of  the  series  gaps  through  the  wide  range  of 
mixtures,  loads,  and  spark  advance  used.  Experiments  to  determine  whether  the  character  of 
the  spark  discharge  in  the  engine  cylinder  affected  the  running  of  the  engine  were  also  made. 
A  condenser  was  connected  through  a  switch  to  the  terminals  of  a  spark  plug  on  one  of  the  cylin- 
ders of  an  automobile  engine.  The  condenser  could  be  connected  to  or  disconnected  from  the 
plug  at  will,  thus  modifying  the  character  of  the  spark  discharge  in  the  engine  cylinder  markedly. 
No  difference  in  the  running  of  the  engine  could  be  detected  whether  the  condenser  was  dis- 
connected from  the  plug  or  connected  to  it.  Additional  experiments  on  this  point,  the  results 
of  which  have  come  to  the  attention  of  this  bureau,  justify  the  conclusion  that  the  character  of 
the  igniting  discharge  has  no  effect  whatever  on  the  running  of  the  engine  so  long  as  the  spark 
ignites  the  explosive  mixture. 

(3)  The  claim  that  the  use  of  a  series  gap  results  in  a  "fatter,"  hotter  spark  is  of  minor 
importance,  as  it  has  by  no  means  been  shown  that  increasing  the  "fatness"  of  a  spark  increases 
its  igniting  power.  Some  experiments  were  made  at  this  bureau  with  a  plug  artificially  fouled 
and  a  series  gap,  which  showed  that  whenever  the  spark  passed  its  appearance  was  the  same, 
whether  there  was  a  series  gap  present  or  not,  or  whether  the  plug  was  clean  or  fouled.  The 
temperature  of  the  spark  is  a  very  indefinite  thing  and  little  can  now  be  asserted  as  to  the 
magnitude  of  that  quantity.  The  heat  generated  by  the  passage  of  the  spark,  however,  can 
easily  be  measured.  Investigations  at  the  Bureau  of  Standards  have  shown  that  this  last- 
mentioned  quantity  is  in  general  reduced  by  the  presence  of  the  series  gap.  "Whether  or  not 
this  reduction  in  the  total  energy  content  of  the  spark  involves  a  decrease  in  the  igniting  power 
of  the  spark  is  not  now  known. 

(4)  The  ratio  of  the  amounts  of  energy  spent  in  the  plug  gap  and  series  gap  is  equal  to  the 
ratio  of  the  sustaining  voltages  of  the  respective  gaps.  The  sustaining  voltage  of  the  series 
gap  is  of  the  same  order  of  magnitude  as  that  of  the  plug  gap.  Consequently  the  amount  of 
energy  lost  in  the  scries  gap  is  not  negligible. 

(5)  The  experimental  evidence  obtained  up  to  the  present  time  shows  that  the  character 
of  the  spark  has  no  effect  on  the  speed  of  propagation  of  the  explosion.  As  mentioned  above, 
experiments  on  an  engine  showed  that  the  presence  of  neither  the  series  gap  nor  a  condenser 
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made  the  least  difference  in  the  power  developed  or  speed  attained.  Consequently  the  effect, 
if  any,  of  the  presence  of  the  series  gap  upon  the  speed  of  propagation  of  the  explosion  is  too 
small  to  affect  the  power  developed. 

(6)  It  has  been  asserted  by  the  proponents  of  the  series  gap  that  this  device  is  in  effect  a 
"window  in  the  cylinder"  and  that  the  passage  of  a  spark  in  the  scries  gap  indicates  infallibly 
the  passage  of  a  spark  between  the  electrodes  of  the  plug.  This  is  not  the  case.  Not  infre- 
quently plugs  are  so  badly  fouled  that  the  breakdown  of  the  scries  gap  fails  to  lire  them.  More- 
over, the  passage  of  a  spark  across  the  series  gap  does  not  indicate  thereby  a  healthy  condition 
of  the  ignition  system  unless  the  series  gap  is  set  for  a  breakdown  voltage  equal  to  or  greater 
than  that  of  the  plug. 

(7)  The  use  of  a  leaner  mixture  when  the  series  gap  is  employed  is  due  not  to  the  series  gap 
itself  but  to  the  fact  that  upon  installing  such  devices  a  readjustment  of  the  carburetor  is  gen- 
erally made.  Many  owners  of  motor  cars  run  with  too  rich  a  mixture,  and  a  readjustment  of 
the  carburetor  in  accordance  with  the  instructions  of  the  manufacturer  of  the  series  gap  results 
in  a  leaner  mixture. 

(8)  Readings  taken  with  a  direct-current  ammeter  in  series  with  a  clean  plug  have  shown 
that  the  presence  of  a  series  gap  reduces  the  current  as  indicated  by  the  instrument.  The 
oscillograph,  however,  shows  that  the  presence  of  the  series  gap  has  no  effect  other  than  to 
decrease  the  duration  of  the  discharge  between  the  electrodes  of  the  plug.  This  is  due  to 
the  higher  sustaining  voltage  of  the  combination  of  plug  and  series  gaps  which  causes  the 
current  in  them  to  stop  sooner  than  it  otherwise  would.  The  presence  of  the  series  gap  does 
not  affect  the  value  of  the  current  while  it  is  flowing.  Consequently  it  is  readily  seen  that 
the  indication  of  a  direct-current  ammeter  in  the  circuit  will  be  decreased  by  the  presence  of 
a  series  gap.  This  fact  is  probably  the  basis  for  the  claim  that  the  series  gap  reduces  the 
"  amperage." 

Concerning  the  effect  of  the  presence  of  series  gaps  upon  the  life  of  the  breaker  points  little 
can  now  be  said.  The  value  of  the  current  flowing  through  the  breaker  before  the  points  open 
is  probably  in  most  cases  not  affected  by  the  presence  of  the  series  gap.  When  it  is  affected, 
the  effect  is  to  increase  the  value  of  this  current.  This  is  due  to  the  fact,  mentioned  in  the 
previous  paragraph,  that  when  the  series  gap  is  used  the  current  in  the  secondary  of  the  magneto 
or  coil  dies  out  more  rapidly  than  when  no  series  gap  is  present.  Consequently  there  is  less 
chance  of  interference  between  the  last  part  of  one  discharge  and  the  beginning  of  the  next, 
with  a  resulting  decrease  in  the  value  of  the  primary  current  when  the  breaker  opens.  The 
previous  sentence  is  applicable  only  to  the  magneto.  In  the  case  of  the  coil  operated  from  a 
battery,  interference  rarely  if  ever  takes  place. 

The  above  discussion  applies  to  the  case  of  a  gap  in  series  with  a  clean  plug.  If  the  gap  is  in 
scries  wilh  a  fouled  plug,  the  comparison  has  to  be  made  between  the  action  of  the  fouled  plug 
alone  and  the  fouled  plug  in  conjunction  with  the  series  gap.  Oscillograms  have  been  taken 
which  show  that  the  current  in  the  primary  at  break,  if  no  series  gap  is  present,  is  in  general 
the  same  whether  the  plug  is  clean  or  fouled.  If  there  is  any  difference  between  the  two  cases 
it  is  that  the  primary  current  is  greater  when  the  plug  is  fouled.  It  was  seen  in  the  preceding 
paragraphs  that  the  addition  of  a  series  gap  increases  the  voltage  across  the  breaker  points, 
and  may  sometimes  increase  the  primary  current  at  break.  Consequently  it  would  be  expected 
that  there  would  be  a  decrease  in  the  life  of  the  breaker  points  upon  the  addition  of  a  series 
gap  in  circuit  with  a  fouled  plug.  Experimental  evidence  on  this  point,  however,  is  lacking 
at  present. 

(9)  The  use  of  a  series  gap  may  increase  the  amount  of  energy  available  for  ignition  only 
in  the  sense  that  it  may  cause  a  spark  to  pass  between  the  electrodes  of  a  plug  when  without 
it  the  spark  would  not  pass.  If  the  spark  is  going  to  pass  at  all,  it  will  pass  in  such  a  short 
time  after  the  opening  of  the  breaker  that  a  negligible  amount  of  energy  is  lost  in  that  time  in 
the  fouling.  During  the  passage  of  the  spark  its  resistance  is  small  compared  with  that  of  the 
fouling,  and  consequently  the  fouling  has  little  effect  on  the  further  course  of  the  discharge. 
If  the  spark  does  not  pass,  the  energy  that  would  otherwise  be  expended  in  the  spark  is  dissipated 
in  the  fouling. 


SUBSIDIARY  GAP  AS  A  MEANS  FOR  IMPROVING  IGNITION. 


183 


(6)   OBJECTIONS  AGAINST  THE  USE  OF  SERIES  GAPS. 

(1)  The  scries  gap  in  an  ignition  system  can  not  be  set  for  a  breakdown  voltage  less  than 
that  of  the  plug  if  the  device  is  to  be  of  any  use.  Consequently,  the  breakdown  voltage  of  the 
combination  of  series  and  plug  gaps  will,  in  general,  be  greater  than  that  of  the  plug  gap  alone. 
This  state  of  affairs  is  not  considered  to  be  necessarily  detrimental,  as  the  insulation  of  the 
magneto  or  coil  is  supposed  to  be  able  to  stand,  for  long  periods  of  time,  a  potential  equal  to 
the  breakdown  potential  of  the  safety  gap.  There  is  a  possibility  however,  that  the  continued 
application  of  this  higher  potential  may,  in  the  end,  weaken  the  insulation.  Experimental 
evidence  on  this  point  is  lacking  at  the  present  time. 

(2)  Experimental  evidence  on  the  claim  that  the  use  of  a  series  gap  causes  a  large  "drain 
of  current"  ha3  already  been  presented  under  section  (a)  8  above.  It  was  shown  there  that  the 
scries  gap  has  but  little  effect  on  tho  currents  in  the  various  circuits. 

(3)  There  is  some  evidence  to  show  that  the  presence  in  an  ignition  system  of  a  series  gap, 
at  least  one  of  fixed  length,  may  cause  difficulty  in  starting  the  engine.  A  case  was  reported 
to  this  bureau  in  which  a  series  gap  of  variable  length  was  used  on  a  truck  engine.  After  the 
engine  had- run  for  a  minute  or  so,  it  would  continue  to  run  satisfactorily  over  a  wide  range  of 
settings  of  the  series  gap,  from  zero  up  to  a  maximum  length;  but,  in  starting,  the  series  gap 
had  to  be  entirely  closed  in  order  to  get  the  engine  to  fire.  In  this  case  the  plugs  could  not  have 
been  very  dirty. 

In  experiments  carried  out  at  this  bureau  on  a  similar  engine  with  artificially  fouled  plugs, 
it  was  found  that  the  scries  gap  had  to  be  opened  wide  in  order  to  start  but  had  to  be  closed 
somewhat  afterwards  in  order  to  fire  steadily.  The  interpretation  of  the  phenomena  just 
described  is  not  certain;  but  there  can  be  no  doubt  that,  in  some  cases,  the  presence  of  a  series 
gap  in  the  circuit  is  detrimental  in  starting.  The  conclusion  is  that  series  gaps  should  be  made 
so  that  their  length  can  be  adjusted  easily  at  any  time  during  the  running  of  the  engine. 

(B)  OUR  PRESENT  KNOWLEDGE  OF  THE  ACTION  OF  SERIES  GAPS. 

Simple  theory  of  the  action  of  the  series  gap,  and  results  of  experiments  made  to 

test  the  theory. 

Note. — Reference  may  be  made  to  Report  No.  58,  Part  I,  for  a  more  detailed  discussion  of  the  cycle  of  opera- 
tions of  a  magneto  or  coil. 

The  outline  of  what  takes  place  during  the  cycle  of  operations  of  a  magneto  or  coil  can  be 
given  in  a  few  words  and  will  be  summarized  in  the  following  paragraphs. 

The  first  of  the  periods  into  which  the  cycle  of  operations  can  be  divided  is  that  just  before 
the  opening  of  the  breaker  when  the  current  in  the  primary  is  increasing  due  to  the  action  of 
the  electromotive  force  of  the  battery  in  the  case  of  a  coil,  or  that  due  to  rotation  in  the  case 
of  a  magneto. 

The  second  of  the  periods  is  that  in  which  the  voltage  builds  up  after  the  opening  of  the 
breaker.  Before  the  breaker  opens  current  is  flowing  in  the  coil.  When  the  breaker  opens  the 
circuit  this  current  decreases  rapidly,  in  so  doing  charging  the  condenser  and  inducing  an 
E.  M.  F.  in  the  secondary.  If  the  gap  did  not  break  down,  this  would  go  on  until  all  the  energy 
was  electrostatic  in  form;  but  in  general  the  gap  breaks  down  before  this  stage  is  reached.  Any 
arcing  at  tho  break  lessens  the  rate  of  change  of  current,  and  so  lessens  the  maximum  voltage 
attained  during  this  period. 

When  the  discharge  first  begins  to  flow  between  the  electrodes  in  the  plug,  it  probably 
consists  of  a  condenser  discharge;  that  is,  the  capacity  of  the  high  tension  winding  discharges 
through  the  plug  gap  and  the  course  of  the  discharge  is  much  too  fast  for  the  ordinary  oscillo- 
graph to  record.  This  state,  however,  lasts  only  for  a  very  short  time,  and  then  the  discharge 
becomes  a  steady  arc  with  approximately  constant  sustaining  voltage.  The  effect  of  capacity 
in  parallel  with  the  plug,  in  particular  the  capacity  of  the  leads  and  any  apparatus  connected 
to  them,  i.s  to  decrease  the  rate  of  rise  of  the  E.  M.  F.  and  also  the  maximum  value  attained 
by  it.  If  there  are  any  dielectric  losses  in  the  insulating  materials  of  the  system,  the  same  effect, 
that  is,  decreased  rate  of  rise  of  the  E.  M.  F.  and  smaller  value  of  maximum  voltage,  will  be 
produced. 
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The  phenomenon  described  in  the  preceding  paragraph  applies  to  the  case  where  the  in" 
sulation  resistance  of  the  plug  is  high.  If  the  plug  is  fouled,  the  insulation  resistance  is  greatly 
decreased  and  the  cycle  of  operations  is  somewhat  different.  The  effect  of  this  resistance 
shunting  the  plug  gap  is  to  decrease  the  value  of  the  maximum  voltage  by  diverting  to  the 
fouling  energy  which  would  otherwise  go  to  charging  the  capacity  in  parallel  with  the  plug. 
Another  way  of  interpreting  the  phenomenon  is  that  the  fouling  diverts  to  itself  current  that 
would  otherwise  charge  the  capacity  in  parallel  with  the  plug  and  increase  the  voltage.  The 
potential  difference  across  the  plug  at  any  time  must  necessarily  equal  the  ohmic  drop  in  the 
fouling  and  can  not  be  less  than  the  breakdown  voltage  of  the  plug  if  the  plug  is  to  fire  the 
charge.    The  problem  then  is  to  increase  by  suitable  means  the  ohmie  drop  of  the  fouling. 

The  simplest  means  to  secure  the  increased  ohmic  drop  in  the  fouling  is  to  insert  an  ad- 
ditional gap  in  the  high  tension  circuit.  If  this  be  done,  the  equivalent  simple  circuits  are  as 
shown  in  figure  1.  The  plug  gap  and  the  series  gap  are  labeled  as  such  in  the  figure. 
R  represents  both  the  fouling  and  its  resistance,  while  the  three  condensers  shown  in  the  figure 
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represent  the  distribution  of  capacity  between  the  different  parts  of  the  apparatus.  Let  Ep 
and  E,  represent  the  breakdown  potentials  of  plug  and  series  gaps,  respectively,  and  em  the 
voltage  furnished  by  magneto  or  coil  at  time  t.  The  mode  of  operation  of  the  apparatus, 
neglecting  the  self-induction  of  the  circuits  and  various  other  circumstances  which  need  not  be 
mentioned  in  detad  here,  is  as  follows: 

The  voltage  furnished  by  magneto  or  coil,  em  increases  after  the  opening  of  the  breaker. 
During  the  increase,  Cm  is  charged  to  potential  em,  as  is  likewise  Cs,  if  R  is  small,  say  not 
greater  than  100,000  ohms.  Wlion  em  reaches  E„  the  scries  gap  breaks  down  and  a  current 
flows  to  charge  Cp.    Cs  discharges  at  the  same  time  but  this  discharge  has  only  a  slight  effect. 

The  potential  to  which  Cp  is  raised  by  the  discharge  just  mentioned  is  approximately 
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(i) 


If  €p  is  less  than  Ep,  the  plug  can  not  fire.  In  any  event  a  finite  interval  of  time  must  elapse 
before  the  plug  gap  can  break  down  during  which  time  the  potential  of  Cp  is  decreasing  due  to 
current  ilowing  in  R.    If  R  is  small,  the  plug  gap  may  not  break  down  at  all,  even  though 
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ep  is  greater  than  Ev.  The  effect  of  varying  the  different  constants  of  the  circuit  is  easily  seen 
as  follows: 

A  decrease  in  II  obviously  decreases  the  ability  of  the  system  to  fire  the  plug  due  to  the 
increased  amount  of  charge  which  flows  through  the  resistance  and  decreases  the  potential  of 
Cp.  To  offset  such  an  effect  an  increase  in  ep  is  required.  As  can  be  readily  seen  by  refer- 
ence to  equation  (1),  this  can  be  brought  about  by  an  increase  in  Cm  or  Es,  or  both.  An  in- 
crease in  R  causes  the  reverse  effect.  If  R  is  large  (of  the  order  of  100  megohms)  the  condenser 
Cp  is  virtually  insulated  instead  of  being  short  circuited  by  R.  Under  these  conditions,  the 
voltage  across  Op  and  Ca,  before  any  spark  passes,  are  respectively 

Q 

C,+  CP  em  =  ep  (2) 

and 

Cp 


c  +  C  *m~e>  ^ 

Each  of  these  voltages  is  smaller  than  em.  Consequently,  if  a  plug  is  clean,  the  applied 
voltage  e,„  required  to  spark  the  combination  of  plug  and  series  gaps  may  be  larger  than  if  the 
plug  is  fouled,  provided  the  resistance  of  the  fouling  is  not  too  low. 

It  is  seen  from  equation  (1)  that  an  increase  in  Cp  causes  a  decrease  in  ep;  consequently, 
it  is  in  general  advantageous  to  keep  the  capacity  in  parallel  with  the  plug  as  small  as  possible. 
Tho  one  exception  to  this  statement  is  for  the  case  when  the  plug  is  clean.  Under  these  con- 
ditions, it  is  seen  from  expression  (3)  that  the  voltage  across  the  series  gap  increases  witli  Cp, 
and  therefore  that  the  series  gap  will  discharge  more  easily,  the  larger  is  Cp.  An  increase  in 
Cp,  however,  makes  the  plug  gap  harder  to  lire,  consequently  Cv  can  not  be  increased  beyond 
a  certain  limit  without  causing  the  plug  to  stop  firing. 

The  capacity  in  parallel  with  the  series  gap  has  little  effect  on  the  operation  of  the  system. 
During  the  discharge  the  presence  of  this  capacity  increases  the  current  through  the  series  gap. 
This  increase  in  current  causes  an  increase  in  tho  ionization  in  the  series  gap  and  consequently 
a  slight  decrease  in  the  resistance  of  the  series  gap.  If  the  plug  is  fouled,  the  capacity  Cg  is  in 
parallel  with  Cm  when  the  condensers  are  being  charged  and  hence  decreases  slightly  the  maxi- 
mum voltage  furnished  by  the  magneto  or  coil. 

The  effect  of  increasing  Cm  is  seen  from  equation  (1)  to  increase  the  voltage  applied  to  the 
plug  when  the  series  gap  breaks  down.  Consequently  from  this  standpoint  a  large  value  of 
Cm  is  beneficial.  However,  increasing  Cm  decreases  the  maximum  value  of  the  potential  fur- 
nished by  the  magneto,  and  so  if  Cm  is  increased  too  much  the  magneto  will  no  longer  be  able 
to  spark  the  plug  gap. 

Various  experiments,  made  to  test  the  above  outlined  theory  of  the  action  of  tho  series  gap, 
have  come  to  the  attention  of  this  bureau.  Some  were  made  on  plugs  fouled  by  use  in  an  engine 
and  some  on  clean  plugs  shunted  by  a  water  resistance.  Other  experiments,  instead  of  being 
carried  out  on  a  spark  plug,  were  carried  out  on  a  gap  consisting  of  a  wire  going  through  a  hole 
in  a  plate.  In  all  three  cases,  the  subsidiary  gap  was  a  ball  gap.  The  value  of  the  shunting 
resistance  in  the  last  case  was  10,000  ohms.  The  results  of  the  experiments  confirm  the  main 
features  of  the  theory;  that  is,  the  change  in  the  sparking  ability  of  the  system  due  to  changes 
in  the  capacity  and  resistance  of  the  various  parts  follows  the  requirements  of  the  theory,  with 
the  exception  of  some  anomalies  which  were  ascribed  to  the  oscillatory  character  of  the  dis- 
charge of  the  series  gap.  Evidence  was  also  found  that  the  actual  fouling  has  a  much  lower 
resistance  at  high  voltages  than  it  has  at  low  voltages,  as  though  the  conduction  at  high  poten- 
tials were  in  the  nature  of  arcs  passing  from  particle  to  particle  of  the  fouling.  One  of  the  most 
important  conclusions  reached  was  that  the  length  of  the  series  gap  necessary  to  fire  a  fouled 
plug  is  extremely  variable,  and  consequently  any  series  gap  used  on  an  engine  should  he  capable 
of  easy  adjustment  while  the  engine  is  running. 

The  experimental  evidence  obtained  at  the  Bureau  of  Standards,  which,  need  not  be  given 
in  detail  here,  also  confirms  all  the  nmin  features  of  the  theory.    One  point  worthy  of  note  is 
that  it  was  found  possible  to  fire  a  plug  in  an  engine  when  the  resistance  of  the  fouling,  as 
measured  by  a  megger,  was  as  low  as  4,000  ohms. 
153215— S.  Doc.  166, 66-'2  13 
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DIFFERENCE  BETWEEN  THEORY   AND  ACTUAL  CONDITIONS  IN  THE  OPERATION  OF  SERIES  GAPS. 

In  discussions  of  the  action  of  the  series  gap  many  conditions  are  frequently  postulated 
for  simplicity,  either  directly  or  by  implication,  which  do  not  correspond  to  actual  facts.  These 
points  of  difference  between  the  simple  theory  and  actual  conditions  will  be  treated  in  detail  in 
the  following  paragraphs  as  they  must  be  considered  in  dealing  with  the  question  of  series  gaps. 

The  first  point  for  discussion  is  the  question  of  the  potential  given  by  a  magneto  or  coil. 
It  is  generally  asserted  that  this  potential  is  seldom  or  never  the  same  from  one  cycle  of  opera- 
tions to  the  next.  This  statement  has  frequently  come  to  the  attention  of  this  bureau.  A 
justification  given  for  this  statement  is  that  when  a  magneto  or  coil  is  sparking  a  gap,  the 
maximum  voltage  as  read  by  a  crest  voltmeter  (a  static  voltmeter  in  series  with  a  kenotron) 
is  always  varying;  and  also  that  at  certain  times  the  system  is  able  to  spark  a  longer  gap 
than  it  is  at  others.  These  facts,  however,  could  be  just  as  well,  or  rather  better,  accounted 
for  by  a  variation  in  the  breakdown  voltage  of  the  gap  instead  of  in  the  potential  furnished  by 
the  magneto  or  coil.    Experiments  to  test  this  point  were  made  at  the  Bureau  of  Standards. 

A  magneto  driven  by.  belt  from  a  motor  was  connected  directly  to  a  crest  voltmeter,  no 
spark  gap  except  the  safety  spark  gap  of  the  magneto  being  in  the  circuit.  At  first  it  was  run 
at  approximately  300  revolutions  per  minute,  the  speed  of  the  magneto  at  any  instant  being 
rather  variable.  The  safety  gap  did  not  discharge  at  all.  The  voltage  as  read  by  the  crest 
voltmeter  was  constant  to  within  1  per  cent.  The  speed  was  then  increased.  As  a  consequence 
it  was  necessary  to  connect  a  condenser  to  the  terminals  of  the  magneto  in  order  to  prevent 
the  safety  gap  from  discharging.  The  voltage  was  even  more  constant  than  at  the  lower 
speeds;  and,  in  fact,  up  to  the  highest  speed  employed  in  the  experiment  (1,600  revolutions 
per  minute)  the  higher  the  speed  the  more  constant  the  reading  of  the  crest  voltmeter.  Con- 
ditions at  speeds  greater  than  300  revolutions  per  minute,  where  a  condenser  had  to  be  con- 
nected to  the  terminals  of  the  magneto,  are  not  quite  comparable  with  conditions  existing 
when  the  magneto  is  firing  a  gap;  but  at  300  revolutions  per  minute  where  no  condenser  was 
used  they  are  directly  comparable  with  the  conditions  of  actual  use.  The  experiment  was  tried 
of  measuring  the  voltage  with  a  crest  voltmeter  when  the  magneto  was  firing  a  gap  at  300 
revolutions  per  minute.  The  reading  of  the  voltmeter  was  extremely  variable.  These  facts 
show  conclusively  that  any  variation  in  the  power  of  a  magneto  to  spark  a  gap  is  due  to  varia- 
bility in  the  gap  rather  than  in  the  magneto. 

The  next  point  to  be  considered  is  the  variability  of  sparking  potential  of  the  series  gap 
due  to  one  or  more  of  the  causes  now  to  be  discussed.  It  is  a  well-established  fact  that  any 
change  in  the  surface  of  'the  electrodes  of  a  spark  gap  in  general  changes  the  sparking 
potential.  In  particular  the  long-continued  passage  of  a  discharge  corrodes  the  surface,  fur- 
nishing numerous  points  from  which  the  discharge  can  pass,  and  increases  the  distance  between 
the  electrodes.  These  two  varieties  of  change  in  surface  conditions  have  opposite  effects. 
The  roughening  of  the  surface  makes  the  spark  pass  at  a  smaller  value  of  the  potential,  and 
the  increase  in  distance  makes  the  spark  pass  at  a  higher  potential.  The  total  effect  is  prob- 
ably first  a  slight,  decrease  and  then  an  increase  in  the  sparking  potential. 

'Pin'  temperature  of  the  electrodes  also  has  an  effect  on  the  breakdown  voltage.  If  the 
electrodes  are  hot,  the  temperature  of  the  gas  between  the  electrodes  is  increased,  and  conse- 
quently the  breakdown  voltage  of  the  gap  is  decreased  if  the  gap  is  in  communication  with 
the  atmosphere.  If  the  gap  is  hormeticaUj'-  sealed,  a  variation  in  the  temperature  of  the 
gas  has  no  effect  on  the  breakdown  voltage.  A  further  effect  of  an  increase  in  the  temperature 
of  the  electrodes  is  to  change  the  nature  of  the  surface  films  upon  them.  In  general,  an  increase 
in  tomperature  tends  to  dissipate  the  surface  films,  which  have  such  a  marked  effect,  usually 
inhibitory,  on  the  passage  of  a  discharge  between  the  electrodes. 

The  medium  in  which  the  electrodes  of  the  series  gap  are  immersed  is  subject  in  general 
to  changes  in  uature,  pressure,  and  temperature.  The  only  case  in  which  a  change  in  nature 
is  to  be  expected  is  when  the  gap  is  tightly  inclosed*.  Under  these  conditions  the  passage  of 
a  discharge  causes  chemical  changes  in  the  air,  which  have  some  effect,  probably  small,  on  the 
breakdown  voltage.    The  changes  in  breakdown  voltage  due  to  changes  in  temperature  and 
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pressure  obey  well-known  laws,  namely,  the  breakdown  voltage  is  approximately  propor- 
tional to  the  density  and  is  only  affected  by  temperature  and  pressure  as  they  affect  density. 

The  breakdown  voltage  of  a  series  gap  may  be  affected  by  the  "hardness"  of  the  gap.  A 
gap  is  said  to  be  hard  when  it  has  a  higher  breakdown  voltage  for  rapidly  varying  potentials 
than  it  has  for  slowly  varying  potentials.  Hardness  is  of  two  kinds.  If  the  electrodes  are 
pointed,  the  gap  is  hard,  due  to  its  own  form.  For  a  rapidly  varying  potential,  that  is,  one  that 
rises  quickly  to  a  maximum  and  then  decreases  to  approximately  zero  in  a  very  short  time  (in 
other  words,  such  a  wave  of  potential  as  a  magneto  gives) ,  the  potential  across  a  gap  with  pointed 
electrodes  frequently  rises  to  as  much  as  twice  or  three  times  the  normal  breakdown  voltage 
without  a  spark  passing.  Obviously,  then,  pointed  electrodes  are  not  suitable  for  use  either 
for  plug  or  series  gaps. 

For  electrodes  that  are  not  pointed,  that  is,  ones  not  having  a  radius  of  curvature  small  com- 
pared with  their  distance  apart,  hardness  of  the  kind  above  describod  does  not  exist.  Elec- 
trodes of  this  kind  may  be  subject  to  a  hardness  due  to  some  condition  of  the  surface  such  that 
the  breakdown  voltage  for  a  rapidly  varying  potential  is  somewhat  larger  than  that  for  a  slowly 
varying  potential  but  rarely  more  than  1.5  times  as  great.  The  condition  of  the  surface  which 
produces  suc  h  hardness  is  not  well  understood.  It  is  known,  however,  that  films  of  oil  are  capa- 
ble of  producing  it.  Consequently,  in  designing  gaps,  allowance  has  to  be  made  for  times 
when  the  breakdown  voltage  is  abnormally  large. 

The  effects  of  previous  discharges  across  a  gap  are  to  modify  the  hardness,  as  described  in 
the  immediately  preceding  paragraph,  and  to  cause  a  greater  number  of  ions  than  normal  to  be 
present  in  the  gap.  The  hardness  of  the  gap  is  as  likely  to  be  increased  as  it  is  to  be  docreased. 
The  presence  of  an  abnormally  large  number  of  ions  in  the  gap  has  no  effect  upon  the  break- 
down voltage  of  the  gap  but  does  cause  the  discharge  to  pass  more  promptly  than  it  otherwise 
would. 

Change  in  dimensions  due  to  temperature  changes  may  occur  in  the  series  gap.  The  prin- 
cipal danger  is  not  due  to  isotropic  expansion  but  to  warping  owing  to  a  strained  condition  of 
the  structure  of  tho  gap. 

Series  gaps  have  not  been  used  extensively  enough  to  permit  the  accumulation  of  any  data 
as  to  the  importance  in  practice,  relative  or  absolute,  of  the  different  effects  named  above. 

The  plug  gap  is  affected  by  all  the  conditions  that  have  just  been  enumerated.  The 
different  circumstances  in  the  engine  cylinder,  however,  modify  the  relative  importance  of  these 
conditions.  „ 

The  plug  gap  is  subject  to  much  more  corrosion  than  is  the  series  gap  on  account  of  the 
much  higher  temper atures  prevailing  in  the  engine  cylinder,  which  are  so  high  that  surface 
lilms  are  probably  prevented  from  forming. 

Variation  in  the  proportions  of  the  mixture  probably  has  little  effect  on  the  breakdown 
voltage.  Variation  in  the  compression  has  considerable  effect,  the  breakdown  voltage  being 
proportional  to  the  density  of  the  charge  at  the  moment  of  firing. 

The  presence  of  oil  in  the  gap  generally  increases  the  breakdown  voltage  because  the  dis- 
charge is  obligod  to  follow  a  much  longer  path  through  the  gas  than  if  the  oil  were  not  present. 
It  is  possible,  if  there  is  not  much  oil  in  the  gap,  that  the  breakdown  voltage  may  be  decreased 
because  it  is  well  known  that  sparks  will  pass  over  considerably  greater  distances  along  the 
surface  of  insulators  than  they  will  directly  through  the  gaps.  It  is  generally  thought,  how- 
ever, that  this  condition  is  seldom  realized.  The  presence  of  carbon  on  the  electrodes  decreases 
the  breakdown  voltage.  Not  infrequently  the  carbon  forms  a  bridge  from  one  electrode  to  the 
other  and  effectually  short  circuits  the  plug. 

The  higher  temperatures  prevailing  in  the  engine  cylinder  render  any  change  in  the  dimen- 
sions of  the  gap,  due  to  temperature,  more  important  than  is  the  case  in  the  series  gap;  but 
with  a  proper  design  of  plug,  this  effect  is  not  to  be  feared. 

In  view  of  the  high  temperatures  existing  in  the  engine  cylinder,  it  is  thought  that  plug 
gaps  never  exhibit  the  phenomenon!  of  hardness.  This  opinion  is  particularly  important  for 
the  problem  of  the  series  gap  because  when  the  series  gap  breaks  down  the  voltage  on  the  plug 
gap  increases  at  a  rate  thousands  or  millions  of  times  greater  than  the  rate  at  which  potential 
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is  applied  to  the  series  gap.  Any  hardness  found  in  the  plug  gap  will  probably  cause  much 
greater  variations  in  the  breakdown  voltage  of  the  plug  than  will  the  same  amount  of  hardness 
in  tho  breakdown  voltage  of  the  series  gap. 

A  further  point  of  difference  between  the  simple  theory  of  the  action  of  the  series  gap  and 
actual  conditions  with  a  fouled  plug  is  found  in  the  fact  that  the  resistance  of  the  fouling  dec  l  eases 
as  the  E.  M.  F.  applied  to  it  increases.  The  evidence  on  this  point  has  been  already  given.  It 
is  easily  seen  that  this  characteristic  of  the  fouling  requires  a  larger  increase  in  the  breakdown 
voltage  of  the  series  gap  for  a  given  increase  in  breakdown  voltage  of  the  spark  plug  gap  than 
if  the  resistance  of  the  fouling  wero  constant. 

It  was  seen  that  an  improvement  in  the  action  of  the  series  gap  could  be  secured  by  putting 
a  condenser  of  suitable  capacity  in  parallel  with  the  source  of  E.  M.  F.  This  condenser  should 
have  as  small  dielectric  losses  as  possible,  as  the  maximum  E.  M.  F.  of  the  magneto  or  coil  is 
decreased  by  an  amount  which  depends  directly  upon  the  magnitude  of  the  losses. 

In  discussions  concerning  the  action  of  the  series  gap,  it  is  practically  always  assumed  that 
the  passage  of  a  discharge  between  the  terminals  of  the  plug  will  always  fire  the  charge,  and 
consequently,  that  the  problem  is  solved  when  the  plug  can  be  made  to  pass  a  spark  at  the 
proper  time  in  every  cycle  of  the  engine.  That  this  assumption  is  not  always  true,  is  shown  by 
the  circumstances  reported  to  this  bureau  and  mentioned  above,  that  a  certain  engine  would  not 
start  with  the  series  gap  in  circuit  but  would  run  with  the  gap  in  circuit  after  being  started. 
Some  experiments  at  the  Bureau  of  Standards  made,  it  is  true,  with  a  smaller  gap  than  is  usual 
in  plugs  (0.15  to  0.30  mm.)  gave  the  following  results:  A  gap  was  inserted  in  series  with 
a  clean  plug  in  one  of  the  cylinders  of  a  four-cylinder  engine.  When  the  length  of  the  series  gap 
was  zero  the  cylinder  would  miss  steadily.  As  the  length  of  the  series  gap  increased  the  missing 
became  less,  and  at  a  certain  value  of  the  gap  the  engine  fired  perfectly.  As  the  length  of  the 
series  gap  was  still  further  increased,  the  cylinder  fired  perfectly  for  a  short  range.  As  the  gap 
was  increased  still  further,  however,  missing  began  again,  and  for  a  still  further  increase  in  length 
the  cylinder  missed  all  the  time.  At  all  times  during  the  experiment  the  series  gap  would  pass 
a  discharge  at  the  proper  instant  of  each  cycle.  When  the  cylinder  was  firing  perfectly,  obvi- 
ously a  discharge  must  have  been  passing  between  the  electrodes  of  the  plug.  When  the  length 
of  the  series  gap  was  increased  and  a  discharge  still  kept  passing  in  it,  the  plug  in  the  engine 
cylinder  must  have  given  a  spark  for  each  discharge  of  the  series  gap.  This  fact  shows  that  a 
spark  between  the  terminals  of  a  plug  does  not  necessarily  fire  the  charge  in  the  engine  cylinder, 
even  though  there  is  no  change  in  the  composition  or  density  of  the  charge.  It  is  not  known 
whether  any  phenomena  similar  to  those  just  described  take  place  for  spark-plug  gaps  of  the 
dimensions  generally  used  (0.50  mm.),  but  it  will  be  well  in  any  discussion  of  the  action  of  series 
gaps  to  bear  in  mind  the  possibility  of  their  occurrence. 

(C)  THE  DESIGN  OF  THE  SERIES  GAP. — FORM  AND  MATERIALS  OF  ELECTRODES. 

GENERAL  DESIGN. 

The  following  requirements  must  be  satisfied  by  a  series  gap  if  it  is  to  be  of  practical  use. 
Its  breakdown  voltage  must  be  reasonably  constant  and  greater  than  that  of  the  plug;  it  must 
be  able  to  spark  the  plug  for  the  lowest  value  of  fouling  resistance  likely  to  be  met  with  in  prac- 
tice; and  it  must  be  reliable  in  action  and  of  reasonably  long  life.  In  the  following  paragraphs 
will  be  pointed  out  the  way  in  which  the  above  requirements  affect  the  design  of  the  gap. 

FORM  AND  MATERIAL  OF  ELECTRODES. 

The  first  question  to  be  decided  is  that  of  the  form  and  material  of  the  electrodes,  as  these 
are  by  far  the  most  important  factors  in  determining  the  breakdown  voltage  of  the  gap.  In  this 
connection  it  has  been  suggested  that  a  multiple  gap  could  be  used  instead  of  a  single  gap. 
There  is  at  present  practically  no  evidence  that  a  multiple  gap  would  offer  any  advantages  over 
a  single  gap.  As  to  the  shape  of  the  electrodes,  it  was  seen  above  that  pointed  electrodes  are 
entirely  unsuited  for  use  either  in  the  series  gap  or  in  the  plug  gap,  and  that  in  order  to  avoid 
hardness  the  radius  of  curvature  of  the  electrodes  should  not  be  small  compared  with  the  dis- 
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tance  between  eloctrodes.  As  long  as  this  condition  is  satisfied  the  precise  shape  of  the 
electrodes  seems  to  make  no  difference. 

The  requirements  that  the  material  of  the  electrodes  should  satisfy  are  as  follows:  The 
breakdown  voltage  should  be  constant;  the  material  should  have  good  mechanical  properties, 
high  thermal  conductivity  to  prevent  heating,  and  should  corrode  but  little  in  order  that  the 
gap  should  have  a  long  life.  Nickel  alloy  wire  of  the  sort  used  in  spark  plugs  would  seem  to 
satisfy  these  requirements  best  at  the  present  time. 

INSULATION  OF  GAP. 

The  insulating  material  supporting  the  electrodes  of  the  series  gap  should  have,  first  and 
foremost,  a  very  high  insulation  resistance.  This  is  absolutely  necessary  because  any  leakage 
between  the  electrodes  of  the  gap  is  fatal  to  the  gap's  functioning.  This  material  should  be 
able  to  stand  heat  without  impairing  its  insulating  properties,  if  the  gap  is  integral  with  the 
plug;  and  if  the  gap  is  tightly  inclosed  should  be  able  to  withstand  corrosion  by  the  nitric  acid 
which  is  formed  from  the  air  by  the  passage  of  the  spark. 

HOUSING  OF  THE  GAP. 

The  series  gap  may  be  either  in  communication,  more  or  less  direct,  with  the  atmosphere, 
or  may  be  tightly  inclosed,  even  hermetically  sealed.  If  the  gap  is  open  to  the  atmosphere,  there 
is  little  opportunity  for  corrosion  by  the  discharge,  and  the  consequent  probable  impairment 
of  the  insulating  properties  of  the  housing.  However,  there  is  a  certain  fire  risk  if  any  consider- 
able amount  of  gasoline  vapor  should  be  in  the  vicinity  of  the  gap.  Tests  at  the  Bureau  of 
Standards  have  shown  that  this  fire  risk  may  be  eliminated  by  the  use  of  a  Davy  gauze  inclosing 
the  gap.  A  further  point  to  be  considered  in  connection  with  a  gap  open  to  the  atmosphere, 
when  used  on  an  aviation  engine,  is  that  at  high  altitudes  the  breakdown  potential  of  the  gap 
is  decreased.  However,  the  density  of  the  charge  in  the  engine  cylinder  is  correspondingly 
decreased,  and  the  result  is  to  preserve  unchanged  the  ratio  of  the  breakdown  voltage  of  the 
series  gap  to  that  of  the  plug  gap.  If  the  gap  is  hermetically  sealed,  the  products  of  discharge 
can  not  escape,  and  there  is  a  chance  that  the  insulation  resistance  of  the  housing  may  be 
decreased.  Nothing  is  known  at  present  about  the  amount  of  the  products  of  discharge  and 
their  effect  upon  the  insulation  resistance  of  the  housing.  A  tightly  inclosed  gap  gives  rise  to 
no  fire  risk  and  has  a  constant  breakdown  voltage  irrespective  of  altitude.  As  the  breakdown 
voltage  of  the  plug  in  the  engine  cylinder  decreases  with  increase  in  altitude,  it  is  seen  that  a 
tightly  inclosed  gap  offers  great  advantages  in  the  matter  of  firing  fouled  plugs  at  high  altitudes. 
The  adjustment  of  the  length  of  a  tightly  inclosed  gap,  however,  demands  some  attention. 
The  present  state  of  our  knowledge  of  the  subject  points  to  the  necessity  of  the  pilot  being  able 
to  adjust  conveniently  and  at  any  time  the  length  of  the  series  gap.  To  satisfy  this  require- 
ment in  a  tightly  inclosed  gap  is  not  impossible,  but  evidently  complicates  the  design  and 
manufacture  of  the  gap  considerably. 

LOCATION  OF  THE  GAP. 

The  series  gap  has  been  placed  in  several  locations:  Integral  with  the. plug;  at  the  plug, 
but  not  integral  with  it;  and  at  the  center  of  the  distributor.  These  various  positions  have 
their  advantages  and  disadvantages.  If  the  gap  is  integral  with  the  plug,  it  is  in  the  best  position 
electrically,  because  the  capacity  "I'  (lie  leads  is  directly  in  parallel  with  the  magneto.  How- 
ever, if  the  gap  is  integral  with  the  plug,  it  can  not  be  adjusted  while  the  engine  is  running 
without  the  addition  of  an  undesirable  amount  of  mechanism.  Also  the  series  gap  in  this  place 
will  get  hot,  and  its  breakdown  voltage  will  be  subject  to  considerable  variations.  If  the  gap 
is  at  the  plug  hut  not  integral  with  it,  it  is  still  in  the  best  place  electrically,  will  not  get  so  hot, 
and  will  not  be  so  subject  to  variations  in  its  breakdown  voltage.  It  can  not  be  adjusted,  how- 
ever, while  the  engine  is  running  without  additional  mechanism.  If  the  gap  is  at  the  distrib- 
utor, it  is  not  in  such  a  good  place  electrically  for  firing  a  fouled  plug.  The  capacity  of  the  leads 
to  the  plug  is  in  this  case  directly  in  parallel  with  the  plug  and  consequently  has  a  detrimental 
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effect  on  the  ability  of  the  series  gap  to  fire  the  plug.  There  is  only  one  case  in  which  this  posi- 
tion of  the  capacity  may  be  advantageous.  It  was  previously  shown  that  for  a  clean  plug  it 
is  partially  advantageous  to  have  the  capacity  in  parallel  with  the  plug.  A  further  advantage 
of  having  the  gap  at  the  distributor  is  that  its  length  can  be  adjusted  easily  while  the  engine 
is  running.  As  was  seen  from  the  data  given  above,  a  gap  of  fixed  length  does  not  seem  to  be 
at  all  suited  for  the  function  of  firing  a  fouled  plug,  and  consequently,  in  order  to  be  of  any 
considerable  amount  of  use,  the  gap  should  be  capable  of  adjustment  while  the  engine  is  running. 
It  is  possible,  however,  that  one  adjustable  gap  at  the  center  of  the  distributor  which  serves 
all  the  plugs  may  not  be  a  good  arrangement,  for  some  of  the  plugs  may  be  clean  and  some  may 
be  fouled,  the  clean  plugs  requiring  a  different  length  of  gap  for  their  effective  firing  than  the 
fouled  plugs.  This  suggests  the  possibility  of  having  a  gap  in  series  with  the  lead  to  each  plug 
and  close  to  the  distributor.  This  would  call  for  a  separate  adjustment  of  the  length  of  each 
gap.  Whether  the  additional  amount  of  apparatus  thus  required  and  the  additional  amount 
of  attention  required  from  the  pilot  (in  the  case  of  an  airplane  engine)  would  be  justified  by 
the  results  obtained  is  a  matter  for  practical  test. 

(D)  DEGREE  OF  UTILITY  TO  BE  EXPECTED  OF  SEMES  GAPS. 

As  a  result  of  the  evidence  given  above,  it  may  be  concluded  that  the  modification  of  jump- 
spark  ignition  systems  by  the  addition  of  a  properly  designed  and  operated  gap  in  series  with 
each  plug  may  remedy  effectively  a  considerable  part  of  the  trouble  due  to  cases  of  fouling  met 
in  practice.  At  present  the  limits  of  the  method  arc  not  known;  that  is,  one  can  not  say  defi- 
nitely just  what  is  the  lowest  fouling  resistance  which  can  be  handled  by  a  series  gap  on  a  given 
ignition  system  and,  conversely,  whether  a  given  ignition  system  can  or  can  not,  by  the  use  of 
a  suitable  series  gap,  be  made  to  spark  a  plug  with  given  fouling  resistance.  The  possibilities 
of  the  device,  however,  are  well  shown  by  the  fact,  mentioned  before  in  this  report,  that  it  was 
found  possible  in  one  case  by  using  a  series  gap  on  an  average  ignition  system  (magneto)  to 
spark  a  plug  having  the  extremely  low  value  of  fouling  resistance  of  4,000  ohms.  The  only 
other  positive  conclusion  that  can  be  stated  now  is  that  the  length  of  the  series  gap  should  be 
capable  of  easy  adjustment  by  the  operator  of  the  engine  at  any  given  time. 

In  addition  to  work  done  in  the  laboratory  and  on  a  few  engines,  the  installation  of  a  large 
number  of  gaps  in  practice  and  a  careful  record  of  their  performance  is  necessary  before  the 
question  of  the  practical  utility  of  the  series  gap  can  be  considered  as  entirely  settled.  THs 
practical  test  can  be  carried  out  at  any  time  and  independently  of  laboratory  work,  and  its 
results  would  be  of  the  greatest  value. 
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CYCLE  OF  OPERATION  OF  JUMP-SPARK  IGNITION  SYSTEMS.1 

By  F.  B.  Silsbee. 


RfiSUMG. 

The  purpose  of  this  report  is  to  outline  briefly  the  succession  of  operations  which  occur  in 
high-tension  ignition  systems  in  order  to  show  the  connection  between  the  various  phonomona 
concerned  and  their  relative  importance  on  a  basis  of  the  energy  transformed.  It  is  hoped  in 
ater  roports  to  give  in  detail  the  results  of  measurements  of  various  individual  parts  of  this  cycle 
of  operations,  and  the  prosent  roport  is  issued  as  a  basis  for  interrelating  theso  later  discussions. 

Throughout  the  roport  numerical  values  aro  given  for  the  different  electrical  quantities 
involved.  Those  values  have  boon  obtained  by  actual  measurements  of  various  magnetos 
recently  tested  at  the  Bureau  of  Standards.  They  may  bo  considered  as  typical  of  this  class  of 
apparatus.  Figures  4  to  17,  inclusive,  give  reproductions  of  oscillograms  taken  on  magnetos 
while  operating  under  various  conditions. 

The  cycle  of  operation  of  the  jump-spark  system  can  be  split  up  into  a  number  of  periods. 
During  each  period  the  electrical  phenomena  proceed  under  fairly  definite  conditions,  each 
period  in  turn  being  separated  from  the  one  preceding  and  the  one  following  it  by  an  abrupt 
change  of  conditions. 

Period  No.  1  includes  the  building  up  of  current  in  tho  primary  winding  as  a  result  of 
either  tho  impressed  voltage  from  a  battery  or  tho  voltage  goneratod  by  tho  rotation  of  a  magnoto 
armature.  The  result  of  this  period  )3  the  establishment  of  a  current  (Ib)  in  the  inductive 
winding. 

Period  No.  2  covers  the  short  interval  between  the  instant  of  tho  interruption  of  the  pri- 
mary current  by  tho  circuit  broakor  and  tho  breaking  down  of  the  spark  gap  in  the  engino 
cylinder.  During  this  period  the  magnetic  energy  <>f  the  coil  is  in  part  transformed  into  electro- 
static onergy  and  charges  tho  condenser  and  capacity  of  the  secondary  leads. 

Period  No.  3  is  a  second  very  short  interval  (0.00005  second)  beginning  at  tho  instant  at 
which  tho  spark  gap  breaks  down  and  lasting  until  a  stoady  arc  is  established  in  tho  gap. 

Period  No.  4  extends  from  the  establishment  <>f  the  secondary  current  in  a  steady  arc 
across  the  spark  gap  to  the  extinction  of  the  spark.  Its  duration  is  quito  appreciable  and  may 
We  soveral  thousandths  of  a  second.  It  is  during  this  period  that  most  of  the  spark  onergy  is 
dissipated. 

Period  No.  5  covers  the  short  interval  during  which  tho  spark  is  being  extinguished  by  the 
closing  of  the  contact  breaker. 

Period  No.  6  covers  tho  remainder  of  the  cycle  during  which  tho  circints  aro  practically 
free  from  current  previous  to  tho  beginning  of  period  No.  1  of  tho  following  cycle. 

Tho  above  division  into  periods  applies  with  slight  modifications  to  both  battery  and 
magneto  ignition  systems.  It  is  believed  that  a  clear  recognition  of  tho  very  different  condi- 
.  tions  which  exist  during  the  various  periods  will  result  in  a  better  comprehension  of  the  oxtromely 
complicatod  phenomena  which  occur  in  theso  forms  of  electrical  apparatus. 


i  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  ol  Standards  Aeronautic  Power  Plants  Report  No.  20 . 

193 


194 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


INTRODUCTION. 

The  purpose  of  this  report  is  to  outline  briefly  the  salient  features  of  operation  of  the  high- 
tension  magneto,  and  of  the  similar  battery  ignition  systems,  and  to  trace  the  various  trans- 
formations of  energy  which  take  place.  Tho  results  of  numerous  measurements  on  such  systems 
as  have  been  studied  at  the  Bureau  of  Standards  will  bo  quoted  in  illustration  of  those  proper- 
ties. These  phenomona  are  doubtless  understood  by  magneto  designers,  but  with  the  exception 
of  the  excollent  papers  by  Armagnat  and  Young  referred  to  below,  the  literature  of  the  subject 
is  very  moagor  and  consists  chiefly  in  elementary  expositions  for  the  instruction  of  tho  amateur 
automobilist. 

Tho  cycle  of  operations  of  a  jump-spark  sj-stom  can  be  divided  into  a  number  of  periods. 
During  each  period  the  electrical  phenomena  prococd  under  fairly  definite  and  constant  con- 
ditions, each  period  being  separated  from  tho  one  preceding  and  tho  ono  following  it  by  an 
ahrupt  chango  of  conditions.  It  is  hoped  in  later  reports  to  discuss  in  greater  detail  and  in  a 
more  quantitative  manner  tho  phenomena  of  certain  of  the  poriods;  and  the  presont  report  is 
issued  as  a  basis  for  interrelating  those  later  discussions. 

The  operation  of  the  usual  forms  of  battery  ignition  systems  is  qui  to  similar  in  many  rospocts 
to  that  of  the  magneto,  and  the  greater  part  of  the  following  discussion  is  applicable  to  both, 
with  suitable  changes  in  tho  values  of  tho  various  constants.  The  principal  points  of  difference 
in  tho  two  typos  of  apparatus  are  discussed  later  under  "Battery  Systems." 

Throughout  this  report  frequent  reference  will  bo  made  to  numorical  values  of  tho  various 
quantities  which  may  ho  expected  in  a  typical  case.  For  this  purposo  a  magnoto  having  the 
constants  in  tho  following  Table  I  has  been  choson.  Those  constants  do  not  precisely  fit  any 
individual  magneto  but  are  representative  of  values  moasured  on  a  numbor  of  different  types 
recently  tosted. 

Table  I. — Constants  of  Typical  Magneto. 

Primary  turns  (N,)   1G0. 

Secondary  turns  (N2)  8,000. 

Ratio  of  turns  (n)   '50:1. 

Primary  resistance  (R,)   0.5  ohm. 

Secondary  resistance  (R2)  2,500  ohms. 

Primary  inductance  (L,)   0.015  henry. 

Mutual  inductance  (M)   0.74  henry. 

Secondary  inductance  (L2)   36  henrys. 

Primary  condenser  (C,)   0.2  microfarad. 

Secondary  (distrib.)  capacity  (C2)   50  micro-microfarads. 

Normal  speed  of  operation  2,000  r.  p.  m. 

Primary  current  at  break  (Ib)   4  amperes. 

Maximum  current  in  spark   0.075  ampere. 

Breakdown  voltage  of  gap  5,000  volts. 

Sustaining  voltage  of  gap   600  volts. 

OUTLINE  OF  OPERATION. 

The  high  tension  magneto  combines  in  a  single  machine  the  functions  of  an  electric  generator 
and  of  an  induction  coil,  and  these  two  functions  are  to  a  considerable  extent  independent  of 
one  another. 

The  circuits  of  a  high-tension  magneto  are  substantially  as  shown  in  figure  1,  P  being  the 
primary  winding  which  has  a  few  turns  of  coarse  wire  and  consequently  a  low  resistance,  while 
the  secondary  winding  <S"  has  several  thousand  turns  of  fine  wire.  The  two  coils  are  wound  one 
over  the  other  on  a  common  iron  core,  which  (in  the  ordinary  or  shuttle  type)  has  the  form 
shown  in  figure  3.  Condenser  C,  is  connected  across  the  terminals  of  P  primarily  to  reduce 
the  sparking  at  the  contact  breaker  B.  The  electrostatic  capacity  between  the  secondary 
winding  or  high  tension  leads  and  the  grounded  frame  of  the  machine  is  sufficiently  large  to 
have  a  material  effect  on  the  operation.  This  capacity  is  in  part  distributed  along  the  windings 
and  various  portions  are  consequently  subject  to  different  voltages.  The  effect  of  this  capacitj' 
may,  however,  be  approximately  represented  by  an  equivalent  condenser  connected  as  shown 
dotted  in  C2,  figure  1. 
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The  rotation  of  the  armature  in  the  field  of  the  permanent  magnets  N  S,  figure  3,  generates 
a  current  in  P  which  flows  through  contacts  B.    When  a  spark  is  desired,  breaker  B  is  suddenly 

opened  by  a  cam.    The  current  decreases  rapidly,  producing  a  high  voltage  M  33  in  the 

secondary.  This  is  led  through  a  distributor  (not  shown)  to  the  spark  gap  G  in  the  proper 
cylinder  of  the  engine.  This  gap  breaks  down  at  usually  much  less  than  the  maximum  avail- 
able voltage  and  the  magnetic  energy  originally  stored  in  the  primary  is  transferred  to  the 
secondary  and  dissipated  in  the  gap. 

Magnetos  may  be  classified  as  "two-spark,"  "four-spark,"  etc.,  according  to  the  number 
of  sparks  produced  per  revolution  of  the  rotor.  The  shuttle  core  type  gives  two  sparks  while 
most  inductor  type  machines  give  four.  As  a  rule  all  the  alternations  arc  substantially  alike 
except  for  the  polarity  of  the  induced  voltage,  though  lack  of  symmetry  in  a  four-spark  machine 
may  cause  slight  differences.  Special  magnetos  designed  to  fire  V-type  motors  such  as  the 
"Liberty  12,"  where  the  angle  between  the  blocks  is  not  a  simple  submultiple  of  the  angle 
between  the  cranks,  may  have  successive  alternations  of  materially  different  wave  form.  (See 
figure  4,  which  shows  the  primary  and  secondary  currents  of  such  a  magneto.)  The  discussion 
below,  however,  will  apply  to  any  one  alternation  in  any  case. 

DETAILS  OF  OPERATING  PERIODS. 

The  time  occupied  by  one  alternation  of  the  magneto  may  be  subdivided  into  six  periods 
during  each  of  which  the  circuit  conditions  are  substantially  constant,  but  between  which 
there  is  a  more  or  less  abrupt  change  in  these  conditions.  These  periods  are  listed  in  the 
following  table  and  discussed  in  more  detail  below.    (See  figure  12.) 


rcriod. 

Begins. 

Ends. 

Conditions  during  period. 

2 
3 
4 
S 
6 

Max.  flux  

Breaker  closed,  current  building. 
Breaker  open,  gap  open,  capacity  charging. 
Breaker  open,  gap  closed,  capacity  discharging.  . 
Breaker  open,  gap  closed,  coil  discharging. 
Breaker  closed,  gap  open,  capacity  discharging. 
Breaker  closed,  gap  open,  eddy  currents  dying  out. 

Gap  breaks  down  

Capacity  discharged  

steady  arc  established  

Max.  flux  

PERIOD  I. 

During  Period  1,  the  breaker  is  closed  and  the  armature  rotates  from  the  position  of 
maximum  flux  to  the  firing  position  where  the  cam  causes  the  breaker  to  open.  This  period 
corresponds  to  about  100°  rotation  in  our  typical  example  and  hence  lasts  0.008  seconds. 
During  this  time  the  reduction  in  flux  builds  up  a  current  (in  our  example  4  amperes)  which 
tends  to  maintain  the  original  flux  after  the  rotor  has  passed  the  neutral  position. 

If  there  were  absolutely  no  resistance  in  the  primary  winding  or  breaker  contacts  the 
current  would  build  up  to  such  a  value  that  the  armature  flux  would  be  maintained  constant 
when  rotated  to  a  position  at  right  angles  to  or  even  opposing  the  magnetomotive  force  of  the 
permanent  magnets.  This  maintenance  of  the  flux  is  shown  quite  clearly  in  figure  20,  which 
shows  the  total  flux  through  the  armature  core  plotted  against  angular  position  (or  time)  for 
three  different  conditions.  Here  curve  I  shows  the  flux  through  the  core  on  open  circuit  and 
is  due  to  the  permanent  magnets  only;  curves  II  and  III  give  the  total  flux  during  normal 
operation  of  the  magneto  at  low  and  high  speed  respectively,  and  curve  IV  shows  the  flux  if 
the  primary  is  left  short  circuited  throughout  a  complete  cycle.  The  action  of  the  primary 
circuit  in  thus  closing  about  the  flux  produced  by  the  permanent  magnets  and  permitting  it  • 
to  be*  moved  unaltered  to  a  new  position  is  in  a  sense  analogous  to  the  action  of  an  electro - 
phorous  in  Which  the  charge  produced  by  induction  from  the  exciting  charge  on  the  dielectric 
slab  is  insulated  and  moved  out  of  the  field  of  the  permanent  charge.  In  either  case,  the 
energy  is  obtained  from  the  motion  of  the  system  and  the  permanent  magnets  or  fixed  charge 
suffer  no  depletion.  The  closing  of  the  breaker  corresponds  to  the  opening  of  the  ground 
connection  to  the  electrophorous  plate  at  the  beginning  of  its  motion,  and  the  opening  of  the 
breaker  corresponds  to  the  discharge  of  the  plate  after  its  removal  from  the  slab. 
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In  the  actual  magneto  the  primary  resistance  materially  reduces  the  generated  current 
and  the  actual  flux  at  break  is  (as  shown  in  plot  20)  considerably  less  than  the  maximum 
open  circuit  flux. 

It  should  be  noted  that  there  is  a  very  considerable  difference  in  the  operation  of  a  magneto 
at  low  and  at  high  speeds.  In  the  former  case,  the  primary  current  is  limited  chiefly  by  the 
resistance  of  the  windings  and  has  approximately  the  same  wave  form  as  the  generated  voltage. 
The  maximum  current  reached  is  proportional  to  the  speed  and  is  small  so  that  the  total  energy 
stored  magnetically  is  also  small.  Consequently  at  "break"  nearly  all  of  this  energy  must  be 
transferred  to  the  electrostatic  capacity  of  the  windings  and  condenser  before  the  voltage  is 
sufficiently  high  to  jump  a  normal  spark  plug  gap.  At  high  speeds  on  the  other  hand  the 
current  is  limited  by  the  inductance  of  the  circuit  and  is  nearly  independent  of  speed.  The 
current  and  magnetic  energy  are  very  much  greater  and  only  a  negligible  part  of  this  energy 
is  expended  at  "break"  in  charging  the  capacities  to  the  breakdown  voltage.  This  effect  is 
shown  in  plot  21  in  which  the  current  generated  in  the  short-circuited  primary  at  various 
speeds  is  plotted  against  speed.  The  lower  curve  shows  the  effective  (root^mcan-square)  value 
as  observed  with  a  hot  wire  ammeter,  and  the  upper  curve  the  maximum  value  of  the  current 
wave  from  oscillograms.  It  is  evident  that  above  400  revolutions  per  minute  the  current  is 
large  and  independent  of  the  speed  while  at  low  speeds  the  current  is  smaller  and  of  more  peaked 
wave  form.  This  is  also  shown  by  a  comparison  of  figures  5  and  6  which  show  the  difference 
in  the  wave  form  of  the  primary  current  on  short  circuit  at  low  and  high  speeds. 

The  primary  current  finally  attained  at  break,  h,  is  of  the  greatest  importance  in  deter- 
mining the  performance  of  the  apparatus.  It  can  be  determined  directly  by  an  oscillograph  by 
inserting  a  shunt  of  about  0.025  ohm  in  series  with  the  primary  and  connecting  the  oscillograph 
vibrator  across  this  shunt.  This  method  has  the  disadvantage  ol  introducing  resistance  into 
the  circuit  and  thereby  disturbing  conditions.  At  high  speeds  this  disturbance  is  entirely 
negligible,  for  the  cm-rent  is  then  limited  by  the  inductance  rather  than  the  resistance  of  the 
circuit.  At  low  speeds,  however,  the  resistance  predominates  and  the  error  might  amount  to 
5  per  cent  or  10  per  cent  at  very  low  speeds.  The  current  waves  in  figures  4  to  19  were  obtained 
in  this  manner. 

Other  methods  for  determining  the  primary  current  wave  are  based  on  first  obtaining  the 
open-circuit  voltage  wave  or  the  flux  wave  and  then  computing  the  cm-rent  by  a  step-by-step 
process.  • 

Armagnat 1  and  Young  2  have  developed  the  following  equations  for  this  purpose  from  the 
fundamental  equation 

+  4  (1) 

which  applies  to  any  inductive  circuit.  By  integrating  this  over  a  short  interval  At  =  t2  —  t1 
they  obtain 

J*2  e  dt^Rp*  i  dt+L(it2-iti)  (2) 

Letting  A  =  H2  e  dt  =  area  under  the  voltage-time  wave  between  t2  and  <u  and  assuming  that 
i  can  be  taken  as  changing  linearly  over  the  short  time  interval  considered  we  get 

A=RAth2^+L(il2-itl)  (3) 

or 

.  _M+itl(2L-RAt)  ... 

%h~       2L  +  RM  w 

This  gives  the  working  equation  for  the  current  il2  when  the  current  at  the  preceding  time  itl 
is  known. 

'  Armagnat,  H.   Rev.  Eloctrique  23,  p.  321-333,  1915.   Electrician  76,  p.  865-899,  1916. 

»  Young,  A.  P.  Aeronautical  Jour.,  pp.  142-252,  1917.  Automobile  Engineer,  March,  1915. 
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Since  e  in  the  above  equation  is  the  E.  M.  F.  generated  by  the  flux  from  the  permanent 
magnets  only,  we  may  write 

e=— dt~  (5) 

and 

A  =  N  (<ptl-Vli)  (6) 

and  hence  may  compute  i  from  the  open-circuit  flux  wave  by  equation  (4). 

The  voltage  wave  (figures  8,  9,  and  10)  may  be  observed  directly  with  the  oscillograph  by 
connecting  the  vibrator  in  series  with  a  resistance  of  several  hundred  ohms  across  the  breaker 
points  (the  latter  being  permanently  insulated).  This  connection  does  not  appreciably  interfere 
with  the  conditions  of  operation.  An  alternative  method  is  to  observe  the  primary  flux  wave 
with  the  ballistic  galvanometer  anil  obtain  the  voltage  wave  from  this  by  the  equation 

7^?  =  _  nj£. 


E=-NY;=  -N. 


dt  da 


PERIOD  2. 

Period  2  is  of  extremely  short  duration  (about  0.00002  second)  and  extends  from  the 
instant  of  opening  of  the  breaker  to  the  time  of  breakdown  of  the  spark  gap. 

During  this  period  both  the  breaker  and  spark  gap  are  open,  and  the  system  consists  of 
two  inductance  coils  very  closely  coupled  magnetically  and  each  shunted  by  capacity.  Since 
it  is  impossible  without  the  expenditure  of  infinite  power  to  abruptly  change  the  current  in  an 
inductive  circuit,  the  primary  current  now  flows  into  the  condenser  rapidly  charging  it.  The 
charge  in  the  condenser  offers  a  continually  increasing  electromotive  force  in  opposition  to  (he 
primary  current,  which  therefore  decreases  at  a  constant!)'  increasing  rate.  The  decrease  of 
flux  resulting  from  this  decrease  of  primary  current  generates  an  E.  M.  F.  in  the  secondary  winding 
which  in  turn  sends  a  charging  current  into  the  distributed  capacity  of  the  secondary  winding 
and  leads.  The  net  effect  is,  therefore,  a  partial  transfer  of  current  from  the  primary  to  the 
secondary  windings.  If  the  spark  gap  were  not  present  this  process  would  continue  until  the 
magnetic  energy  had  been  entireh  converted  into  electrostatic  energy  in  the  charge  capacities, 
at  which  time  the  currents  would  have  been  brought  to  zero  and  the  flux  would  have  the  value 
determined  by  the  permanent  magnets  alone.  The  maximum  voltage  which  would  be  reached 
at  this  time,  if  energy  losses  are  neglected,  is  given  approximately  by  the  equation. 

where  L  is  the  inductance  of  the  primary  winding  and  C  the  capacity  which  is  equivalent  to  the 
combined  effect  of  both  the  primary  condenser  and  secondary  distributed  capacity.  For  our 
typical  example  this  would  reach  70,000  volts.  Actually  there  is  throughout  this  time  a  steady 
drain  of  energy  due  to  the  resistance  of  the  windings,  the  dielectric  loss  in  the  condenser,  and 
especially  the  eddy  currents  in  the  iron  core  and  pole  pieces.  These  losses  are  sufficient  to 
reduco  the  maximum  voltage  to  about  40,000  volts. 

The  curves  in  plot  22  show  the  rise  of  voltage  and  decrease  of  flux  as  computed  for  our 
typical  example  after  making  certain  simplifying  assumptions. 

If  account  is  taken  of  the  magnetic  leakage  flux  between  the  two  coils,  the  voltage  wave 
will  be  found  to  be  a  combination  of  that  shown  with  a  second  osculation  of  higher  frequency 
and  smaller  amplitude.  The  theory  of  this  effect  has  been  worked  out  by  Prof.  E.  Taylor 
Jones  (Phil.  Mag.,  August,  1918). 

The  curves  marked  "open  circuit"  are  computed  for  the  case  when  there  is  no  energy  loss 
except  that  in  the  resistance  of  the  windings.  The  second  pair  of  curves  computed  for  a  shunt 
of  560,000  ohms  connected  across  the  high  tension  terminals  correspond  to  a  dram  of  energy 
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approximately  equal  to  that  to  be  expected  from  eddy  currents.  The  third  pair  of  curves 
correspond  to  a  shunting  resistance  of  110,000  ohms,  which  might  occur  with  a  partially  fouled 
spark  plug.  The  assumption  upon  which  all  these  curves  have  been  constructed  is  that  the  spark 
gap  does  not  break  down.  In  normal  operation,  however,  the  spark  gap  breaks  down  at  about 
6,000  volts,  and  consequently  new  circuit  conditions  are  introduced  before  the  resultant  flux 
has  decreased  materially  from  its  vahie  at  break. 

In  the  above  discussion  it  is  assumed  that  the  breaker  succeeds  in  opening  the  circuit 
without  sparking  at  the  contacts.  If  an  arc  occurs  at  break,  some  of  the  energy  is  dissipated 
then,  and  the  rate  of  decrease  of  primary  current,  and  consequently  the  induced  secondary 
voltage,  is  much  less.  Figures  14  and  15  show  the  excessive  arcing  at  the  breaker  which  occurred 
when  a  special  cam  was  used  giving  a  very  slow  rate  of  separation  of  the  breaker  points.  The 
contacts  separate  at  o,  but  the  arc  maintains  the  current  until  b,  when  it  finally  breaks  and  a 
considerably  reduced  spark  results. 

PERIOD  3. 

When  the  gap  has  broken  down  it  affords  a  conducting  path,  and  the  charged  secondary 
capacity  and  leads  immediately  discharge  through  it.  The  exact  conditions  existing  in  the 
spark,  particularly  immediately  after  break  down,  are  still  obscure,  and  it  is  possible  that  this 
first  discharge  may  be  oscillatory  and  of  high  frequency. 

Tests  made  by  loosely  coupling  a  sensitive  wave  meter  to  the  secondary  circuit  of  a  mag- 
neto have  shown  no  indication  of  resonance  with  any  oscillations  within  the  range  between  30,000 
and  1,000,000  cycles,  although  the  apparatus  used  was  sufficiently  sensitive  to  have  detected  a 
steady  oscillation  of  0.2  milliampcre  throughout  the  range.  A  circuit  formed  by  connecting  a 
loop  from  one  point  of  the  distribtitor  to  gnnind  was  found  to  absorb  oscillations  of  frequencies 
from  3,000,000  to  10,000,000  cycles  per  second  for  various  configurations  of  the  loop,  but  no 
such  absorption  was  detected  at  frequencies  from  2,000  to  30,000  cycles  per  second.  Any 
oscillations  which  may  have  been  present  must  therefore  have  been  very  feeble  or  very  highly 
damped. 

In  addition  to  this  discharge  of  the  leads,  the  current  increases  rapidly  in  the  secondary, 
since  it  is  now  practically  short-circuited  by  the  gap;  and  the  primary  current  simultaneously 
decreases  at  such  a  rate  that  the  total  ampere  turns  linking  the  main  flux  are  maintained  with 
little  loss.  The  charged  primary  condenser  hastens  the  decrease  of  primary  current  and  ulti- 
mately reverses  it  for  a  short  time  while  the  condenser  energy  is  being  shifted  to  the  secondary 
side.  The  dissipation  of  energy  in  the  gap,  however,  is  probably  sufficient  to  damp  out  any 
oscillations  from  this  condenser. 

The  net  results  of  the  three  simultaneous  processes  during  this  period  are,  therefore,  («)  the 
discharge  into  the  gap  of  the  energy  stored  in  the  capacity  of  the  leads;  (b)  the  complete  stop- 
ping of  the  primary  current  and  the  formation  of  a  secondary  current  giving  approximately 
the  same  ampere  turns;  and  (c)  the  dissipation  in  the  windings  and  gap  of  the  energy  in  the 
primary  condenser.  The  duration  of  the  period  is  of  the  order  of  one  cycle  of  an  oscillation, 
determined  by  the  primary  condenser  and  the  leakage  inductance  of  the  windings  (approxi- 
mately 0.00005  second).  The  energy  discharged  into  the  gap  during  this  time  is  about  0.002 
joules,  which  recent  measurements  indicate  is  just  about  sufficient  to  ignite  an  explosive  mix- 
ture.   It  is  therefore  probable  that  this  period  3  is  the  one  fundamental  to  ignition. 

PERIOD  4. 

Period  4  extends  from  the  establishment  of  the  secondary  current  in  a  steady  arc  across  the 
spark  gap  to  the  extinction  of  the  spark.  During  this  time  there  exists  across  the  gap  a  steady 
discharge  which  lasts  for  a  considerable  time  (0.003  second  in  the  case  of  a  5-mm.  spark  gap  in 
air).  It  has  been  found  experimentally  that  the  voltage  drop  in  the  gap  is  roughly  constant 
during  this  entire  period,  as  is  shown  by  oscillograms  such  as  figure  1 6.  The  capacities  therefore 
remain  with  a  small  charge  and  have  little  effect  on  the  phenomena.  The  energy  dissipated  in 
the  gap  is  supplied  by  the  decay  of  the  secondary  current  in  the  coil,  and  since  the  voltage  is 
approximately  constant  and 
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the  current  drops  off  linearly  with  time.    The  instantaneous  resistance  of  the  s 

is  thus  seen  to  increase  rapidly  from  about  8,000  ohms  at  the  beginning  of  period  4  to  a  very 
high  value  at  the  end.  It  is  during  this  period  that  the  major  part  of  the  energj-  of  the  spark 
is  liberated  in  the  gap. 

In  the  case  of  the  induction  coil  of  a  battery  system  the  magnetic  field  is  the  only  source 
of  energy  and  the  heat  dissipated  in  the  gap  may  be  computed  with  a  fair  degree  of  accuracy 
from  the  stored  energy  J  L  IB2  by  correcting  for  the  PR  loss  in  the  secondary  winding.  In  a 
magneto,  however,  particularly  when  operating  at  full  advance,  the  voltage  generated  by  the 
rotation  of  the  secondary  winding  in  the  magnetic  field  is  comparable  with  the  sustaining  voll  age 
across  the  gap;  and  a  very  considerable  amount  of  energy  is  thus  forced  into  the  secondary 
by  the  rotation  of  the  armature.  This  may  cause  a  very  marked  "hump"  in  the  secondary 
current  wave,  such  as  appears  at  c  in  figure  1 5.    The  E.  M.  F.'s  in  the  circuit  satisfy  the  equation : 

ET  —  E2      =  Es  -\-.R2i2 

where  Er  is  the  voltage  generated  by  the  rotation  of  the  armature  in  the  magnetic  field  and 
Eg  is  the  voltage  drop  required  to  sustain  the  arc  between  the  gap  terminals.  The  corresponding 
energy  equation  may  be  written: 

Energy  derived  from  rotation  +  energy  released  by  breaking  primary  =  heat  in  spark  +  loss  in  secondary  copper. 

The  following  table  gives  typical  values  of  these  quantities  computed  from  oscillograms 
together  with  the  spark  heats  observed  with  a  calorimoter  in  three  particular  cases: 


Magnetic  energy . . . 
Rotational  energy. 

Total  


Heat  in  spark  (calorimeter). 
Heat  in  spark  oscillograph . . 

Secondary  copper  loss  

Stray  loJses  (by  difference). . 


Tot*. 


Magneto. 

Jiattcry 
and  coil. 

Advanced. 

Retarded. 

0.05 
.19 

0.15 
.00 

0.019 
.00 

.24 

.15 

.019 

.15 

W'  .15 
.  .04 
.05 

.OS 
.11 
.03 
.01 

.  .016 
.014 
.001 
,  .004 

.24 

.15 

.010 

In  the  case  of  iron-clad  circuits  such  as  are  here  considered  the  term  "inductance"  is 
somewhat  vague  and  is  difficult  to  define  precisely.  It  evidently  varies  with  the  angular  posi- 
tion of  the  rotor,  with  the  current  flowing,  and  (because  of  eddy  currents)  with  the  rate  of  change 
of  current.  It  is  possible,  however,  with  the  armature  clamped  in  any  given  position,  to  deter- 
mine by  the  ballistic  galvanometer  the  change  in  flux  turns  corresponding  to  any  given  change 
in  current,  and  the  equivalent  inductance  can  then  be  computed.  Plot  23  shows  hysteresis 
loops  determined  in  this  way.  This  illustrates  the  relation  between  the  secondary  flux  turns 
and  the  primary  current  for  a  shuttle-type  magneto  when  the  armature  is  clamped  in  the  posi- 
tions of  zero  flux  and  maximum  flux,  respectively.  In  the  first  position,  the  permanent  mag- 
nets send  no  flux  through  the  armature  core,  and  the  loop  was  obtained  in  the  usual  manner 
with  currents  in  both  directions.  In  the  second  position  the  magnets  alone  would  produce 
the  flux  indicated  by  the  apex  of  the  loop.  The  curve  was  obtained  by  applying  currents 
opposing  the  magnets  and  noting  the  corresponding  changes  in  flux.  From  curves  of  this  kind 
it  is  possible  to  establish  approximately  the  equivalent  inductance  corresponding  to  any  given 
conditions. 

A  much  simpler  method  is  to  measure  the  effective  inductance  of  the  windings  while 
clamped  in  any  position  with  alternating  current,  using  either  a  bridge  or  a  voltmeter-ammeter- 
wattmeter  method.  A  typical  curve  obtained  in  this  way  is  shown  in  plot  24.  This  method 
was  used  in  obtaining  the  values  given  in  the  preceding  table. 
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The  stopping  of  the  steady  arc  and  consequently  the  end  of  period  4  may  be  due  to  one  or 
the  other  of  two  causes.  These  are  (a)  the  exhaustion  of  the  energy  supply  which  results  in 
the  gradual  reduction  of  the  current  to  zero  and  the  cessation  of  the  arc,  as  is  shown  in  figures 
1 1  and  14,  or  (b)  the  closing  of  the  primary  breaker  which  has  the  effect  of  quickly  extinguishing 
the  spark,  as  is  shown  at  a  in  figure  13.  In  the  former  case  there  is  at  very  small  currents  a 
rather  rapid  increase  of  the  sustaining  voltage  (as  at  a,  figure  16)  to  a  value  which  at  the  instant 
of  cessation  of  the  spark  may  be  double  its  normal  value.  The  secondary  current  consequently 
drops  to  zero  at  a  somewhat  more  rapid  rate  than  during  the  major  portion  of  period  4.  The 
"natural"  or  uninterrupted  dying  out  of  the  spark  usually  occurs  in  magnetos  operating  at 
moderate  speeds  and  with  reasonably  long  spark  gaps,  and  almost  invariably  occurs  in  battery 
systems.    It  may  be  considered  as  the  normal  mode  of  operation  of  the  system. 

Owing  to  the  large  number  of  variables  (such  as  current  at  break,  rotational  energy,  and 
extinction  of  the  spark  by  the  closing  breaker)  which  affect  the  total  heat  liberated  in  the  gap.  it 
is  impracticable  to  accurately  predetermine  the  heat  per  spark  for  any  particular  condition. 
Plot  25  shows  how  this  heat  (observed  calorimetrieally)  varies  with  magneto  speed  for  a 
particular  German  Bosch  7116  magneto.' 

PERIOD  5. 

If  the  magneto  is  operating  at  very  high  speed  or  on  a  very  short  spark  gap,  the  primary 
contact  breaker  mnjr  close  before  the  spark  has  died  out.  In  this  case  the  circuit  conditions 
arc  again'changod  and  an  additional  transition  period  5  must  be  considered.  The  sequence 
of  events  during  this  period  is  quite  closely  the  inverse  of  that  occurring  during  period  3.  The 
decreasing  (lux  caused  by  the  decreasing  secondary  current  induces  an  E.M.F.in  the  primary 
turns  which  rapidly  builds  up  current  in  the  now  short-circuited  primary  winding.  This 
increase  of  current  in  turn,  by  its  mutual  induction  on  the  secondary  turns,  rapidly  decreases 
the  secondary  current.  The  net  effect  is  that  the  remaining  ampere  turns  linking  the  main 
flux  are  transferred  from  the  secondary  back  to  the  primary  and  the  spark  is  extinguished.  At 
the  same  time  the  primary  condenser  which  had  been  cbarged  to  the  small  voltage  given  by 
the  quotient  of  Es  divided  by  the  ratio  of  turns,  discharges  through  the  contact,  and  later  the 
secondary  capacity  is  similarly  discharged.  The  entire  duration  of  the  period  is  extremely 
short  and  is  of  the  order  of  0.00005  second. 

PERIOD  G. 

Period  6  may  be  defined  as  lasting  from  the  end  of  period  5  until  the  armature  has  rotated 
to  the  position  where  it  receives  maximum  flux  from  the  magnets.  During  this  time  the  primary 
current  continues  to  decay  approximately  according  to  the  exponential  law 


where  R  and  L  are  the  resistance  and  inductance  of  the  primary  circuit  and  70  is  the  current 

at  the  end  of  period  5.    The  value  of  ^  for  this  circuit  is  much  smaller  than  for  the  circuit 

formed  of  the  secondary  winding  and  spark,  so  that  the  rate  of  decrease  of  current  is  quite 
slow,  and  an  appreciable  current  may  be  flowing,  when  the  position  of  maximum  flux  is  reached, 
and  period  1  of  the  next  alternation  begins. 

In  some  cases  this  interference  may  be  so  great  as  to  cause  the  succeeding  spark  to  miss 
fire  as  shown  in  figure  17.  In  cases  where  the  spark  dies  out  before  the  closing  of  the  breaker, 
period  6. follows  immediately  after  period  4  and  the  circuit  is  practically  free  from  current 
throughout  the  period. 

During  the  interval  after  the  dying  out  of  the  spark  and  before  the  closing  of  the  breaker 
there  may  remain  a  small  amount  of  local  eddy  currents  in  the  iron  core  and  pole  pieces.  As 
these  decay  exponentially  they  induce  in  the  winding  an  appreciable  E.  M.  F.  such  as  is  shown 
at  b  in  figure  10.  After  the  closing  of  the  breaker,  this  E.  M.  F.  reestablishes  a  small  primary 
current  in  the  original  direction,  as  shown  at  a  in  figure  12.  These  minor  effects  afford  possible 
but  rather  inaccurate  means  of  estimating  the  magnitude  of  the  eddy  currents  and  hence  their 
much  more  serious  effect  during  period  2. 
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BATTERY  SYSTEMS. 

In  the  case  of  the  usual  arrangements  of  hattery  systems,  the  typical  connections  of  which 
are  shown  in  figure  2,  period  1  may  be  defined  as  lasting  from  the  closing  of  the  primary  contact 
to  its  opening,  and  is  quite  closely  analogous  to  period  1  for  a  magneto.  The  primary  current 
builds  up  during  this  period  approximately  according  to  the  equal  ion 

but  may  depart  somewhat  from  this  because  of  the  varying  permeability  of  the  iron  core  and 

the  heating  and  consequent  change  in  resistance  of  part  of  the  circuit.    This  rise  of  current  is 

shown  in  figures  18  and  19.    In  the  so-called  "closed  circuit"  type  of  system,  period  1  lasts 

during  a  constant  angular  motion  of  the  engine  shaft  and  its  duration  is  consequently  shorter 

the  higher  the  speed.    In  the  "open  circuit"  systems  the  circuit  is  closed  for  a  constant  time 

interval  at  all  speeds  and  this  interval  is  usually  much  less  than  required  for  the  current  to 

E  : 
approach  the  constant  value  p- 

The  energy  which  can  be  stored  in  the  magnetic  field  during  this  period  is  usually  decidedly 
less  than  that  obtained  with  a  magneto  at  normal  speed  because  of  the  lower  voltage  available. 
The  battery  system  usually  operates  on  6  or  12  volts,  while  a  magneto  may  give  a  primary 
peak  voltage  from  50  to  100  volts  at  high  speed.  The  hattery,  however,  maintains  its  voltag* 
at  all  speeds  while  the  magneto  may  give  only  4  or  5  volts  peak  at  100  revolutions  per  minute. 

Periods  2,  3,  and  4  are  practically  the  same  in  both. battery  and  magneto  systems  except 
that  the  effect  of  the  rotational  energy  is  absent  in  the  battery  system,  and  the  spark  heat,  for 
the  same  inductive  energy  is  correspondingly  reduced.  Owing  to  this  small  energy  content, 
the  spark  almost  invariably  dies  out  before  the  closing  of  the  contact  for  the  next  spark,  as 
shown  in  figures  18  and  19.  Consequently,  period  5  is  absent  and  the  circuit  is  entirely  dead 
during  period  6. 

CONCLUSIONS. 

It  appears  from  the  above  analysis  that  periods  1,  4,  and  6  are  of  comparatively  long 
duration  and  the  phenomena  occurring  therein  are  relatively  slow  and  well  understood.  Peiiods 
2  and  3,  on  the  other  hand,  are  extremely  short,  and  very  little  experimental  data  are  available 
to  confirm  or  disprove  the  theoretical  speculations  as  to  what  takes  place.  These  two  periods 
are,  however,  in  a  sense  the  most  important  of  the  entire  cycle  since  it  is  the  rise  of  voltage  in 
period  2  which  determines  whether  or  not  a  spark  passes  at  all,  and  the  actual  ignition  of  the 
mixture  probably  occurs  during  period  3.    The  usual  forms  of  oscillograph  are  entirely  unable 


CHARACTERISTICS  OF  HIGH-TENSIOX  MAGNETOS. 


•207 


to  analyze  processes  of  such  short  duration,  hut  the  Braun  tuhe  (or  cathode  ray  oscillograph) 
seems  to  afford  a  promising  tool  for  studying  these  phenomena. 

It  seems  evident  that  the  distrihuted  capacity  of  the  secondary  winding  and  high  tension 
leads  is  of  great  moment  in  determining  the  maximum  voltage  attained  in  period  2.  Also  the 
eddy  currents  cause  a  very  serious  drain  of  energy,  particularly  in  magnetos  with  solid  pole 
pieces,  though  their  effect  is  probably  quite  small  in  battery  systems  in  which  the  magnetic 
circuit  can  be  thoroughly  laminated.  Convenient  methods  of  measuring  these  two  effects  are 
greatly  needed.  Preliminary  measurements  of  the  apparent  resistance  and  inductance  of  the 
windings  with  an  alternating  current  bridge  at  frequencies  up  to  3,000  cycles  throw  some  light 
on  this  problem,  and  if  a  convenient  way  of  interpreting  the  results  can  be  worked  out,  this 
method  may  prove  useful. 

The  requirements  of  an  ignition  system  are  quite  different  from  almost  any  other  form  of 
electric  generating  system  and  are  in  some  respects  conflicting  in  charac  ter.  A  high  voltage  is 
required  to  jump  the  spark  gap  through  the  compressed  gas  in  the  engine  cylinder.  While 
this  is  usually  only  5,000  to  6,000  volts,  it  may  he  very  materially  increased  by  oil  films  on  the 
electrodes  and  a  cold  and  consequently  dense  charge  when  starting  an  engine.  Such  a  high 
voltage,  of  course,  requires  a  large  number  of  secondary  turns.  On  the  other  hand,  the  spark 
plugs  frequently  become  coated  with  a  conducting  film  of  carbon,  which  drains  the  energy 
during  period  2  in  much  the  same  manner  as  the  eddy  currents.  It  then  becomes  necessary  to 
supply  such  a  large  current  that  the  III  drop  in  the  carbon  deposit  is  equal  to  the  sparking 
voltage  of  the  gap  in  order  to  produce  a  spark.  Since  the  secondary  current  during  periods 
3  and  4  is  limited  to  the  value  which  produces  the  same  ampere  turns  around  the  armature 
core  as  did  the  primary  current  before  "break,"  this  second  condition  requires  a  small  number  of 
secondary  turns. 

Recent  measurements  at  the  British  National  Physical  Laboratory  indicate  that  the  actual 
energy  required  for  ignition  is  very  small  compared  to  that  furnished  by  any  commercial  form 
of  ignition  system,  and  any  excessive  amount  of  power  is  slightly  detrimental  in  that  it  increases 
burning  of  the  spark  plug  and  contact  breaker  terminals.  The  paradoxical  requirement  is 
therefore  for  a  system  furnishing  large  current  and  voltage  but  small  power. 

A  possible  solution  to  this  problem  lies  in  the  use  of  a  suitable  subsidiary  spark  gap  and 
condenser  as  used  in  the  Lodge  arrangement  and  similar  high  frequency  systems,  in  which 
the  voltage  is  made  as  great  as  possible  and  the  large  current  required  by  a  fouled  plug  is 
obtained  by  the  sudden  discharge  of  a  condenser  through  the  auxiliary  gap.  The  presence  of 
the  condenser,  however,  tends  to  reduce  the  maximum  voltage  attainable  and  to  some  extent 
defeats  its  own  purpose.  Report  No.  57  gives  the  results  of  preliminary  work  on  this  type  of 
device. 
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TRANSFORMATION  RATIO  AND  COUPLING  IN  HIGH  TENSION  MAGNETOS.1 

By  V.  B.  Siesbek. 

RESUME. 

This  report  describes  a  convenient  method  for  measuring  the  ratio  of  turns  of  high  tension 
magnetos  or  induction  coils.  Two  resistances  are  connected  between  the  high  tension  termi- 
nals and  ground,  and  a  galvanometer  is  connected  between  the  junction  of  the  resistances 
and  the  junction  of  the  primary  and  secondary  windings.  The  resistances  are  then  adjusted 
until  no  kick  of  the  galvanometer  occurs  when  the  magnetic  flux  through  the  coils  is  suddenly 
varied.  This  variation  in  Mux  may  be  made  by  moving  the  rotor  of  the  magneto  or  by  inter- 
rupting a  current  in  dither  Winding.  From  measurements  by  both  methods  an  estimate  of  the 
magnet i?-  leakage  and  coupling  coefficient  is  obtained.  Results  obtained  on  various  magnetos 
by  this  method  are  given.  The  ratios  are  usually  between  40:1  and  70:1,  and  the  magnetic 
leakage  flux  is  only  2  to  4  per  cent  of  the  flux  common  to  both  windings. 

INTRODUCTION. 

•  A  knowledge  of  the  ratio  of  turns  or  more  strictly  the  ratio  of  magnetic  linkages  between 
the  primary  and  secondary  windings  of  magnetos  or  spark  coils  is  frequently  needed,  both  in 
predicting  (he  performance  to  be  expected  from  a  given  coil  and  in  analyzing  the  results  of 
oscillographic  tests,  etc.  The  method  which  is  described  in  this  report  is  similar  to  the  alter- 
nating current  methods  used  in  obtaining  the  ratio  of  transformers  and  no  claim  is  made  for 
novelty  in  respect  to  it.  It  has,  however,  been  found  very  useful  in  connection  with  the  inves- 
tigation of  ignition  problems  and  is  capable  of  all  the  accuracy  needed  in  such  work. 

PROCEDURE. 

For  simply  obtaining  an  approximate  value  for  the  ratio  of  turns  the  connections  shown 
in  figure  1»  are  used.  Here  S  and  P  are  the  secondary  and  primary  windings  of  the  magneto 
or  induction  coil,  respectively.  R,  and  IL  are  noninductive  resistances,  one  of  which  should 
be  adjustable.  G  is  preferably  a  ballistic  galvanometer  of  fairly  long  period,  but  almost  any 
type  of  galvanometer  can  be  used.  In  obtaining  the  results  which  are  given  in  the  later  sec- 
tions of  this  report  a  small  Paul  unipivot  galvanometer  of  about  seven  ohms  resistance  was  used. 
In  case  only  moderate  accuracy  is  needed,  any  low  range  direct  current  milliammeter  or  milli- 
volt meter  is  suitable.  With  the  connections  as  shown  the  magnetic  flux  through  the  windings 
is  suddenly  varied,  as  by  rotating  the  armature  ISO  electrical  degrees,  and  the  resulting  throw 
of  the  galvanometer  noted.  The  resistance  RA  (or  R2)  is  then  varied  until  this  throw  is  reduced 
to  zero.    When  this  condition  is  attained  the  ratio  of  flux  turns  is  given  by  the  formula 

A7.A«p.    S  +  R.  N. 
,i-=ATA^  =  P+7?riV;al)Pr0¥-   ■  (1) 

Here  N„  and  Np  are  the  primary  and  secondary  turns,  respectively,  and  &.<ps  and  Av?p  are  the 
respective  changes  in  the  flux  linking  the  two  coils,  and  are  of  course  nearly  equal  in  value. 
S,  P,  R,  and  R2  are  the  values  of  the  corresponding  resistances.    Care  must  be  taken  that  the 
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resistances  of  the  circuit  remain  constant  when  the  flux  is  varied,  and  to  secure  this  condition 
the  carbon  brushes  which  are  usually  used  in  magnetos  must  be  replaced  with  metal  brushes 
or  flexible  wire  connections. 

MATHEMATICAL  THEORY  OF  METHOD. 

The  E.  M.  F.  induced  in  the  primary  by  the  changing  flux  is 

Ev=-N^  (2) 

and  the  secondary  E.  M.  F.  is  similarly 

Applying  Kirchhoff's  laws  to  the  two  circuits  shown  in  figure  1»  we  obtain  the  equation 

-  N,^  +  i,(S  +  /?,)  +  (i,  -  ip)Rg  -  0  (4) 

-  Np^ +ip(P  +  R2)  +  (ip  -  i,)Ra  -  0  (5) 

where  R„  is  the  resistance  of  the  galvanometer  and  ip  and  i,  are  the  instantaneous  currents 
in  the  two  circuits.  • 
Integrating  these  with  respect  to  time  from  t,  to  U  gives 

-  A',A*>,  +  (S  +  +  [''Rod, ~ iP)dt  =  0  (6) 

-  NpA<pp  +(P+ R2)  P  vft  -  P J?„(if  -  ip)dt  =  0  (7) 
Jt,  Jt, 

where  Atp,  and  A<pp  are  the  changes  in  flux  between  the  initial  and  final  conditions.  Since  Rg 
is  constant,  it  can  be  taken  outside  of  the  integral  and  the  third  term  in  each  equation  becomes 

P  (h  -ipW  =  R«  P (8) 
Jt,  Jt, 

Xow,  if  the  time  interval  during  which  the  change  occurs  is  short  compared  with  the  natural 
period  of  the  galvanometer,  the  deflection  will  be  proportional  to  ji„dt,  and  since  the  resist- 
ances were  adjusted  to  give  zero  deflection  wre  have 

Pv&  =  0,  or  \   isdt=  Pv&  (9) 
Jt,  Jt,  Jt, 

Dividing  equation  (6)  by  equation  (7)  gives 

(S  +  RjTi.dt 
NsAv,  _  Jt, 


or  by  equation  (9) 


00; 


N,A*,_S+R, 

MEASUREMENTS  WITH  CURRENT  IN  COILS. 

The  validity  of  the  method  as  just  described  does  not  depend  upon  the  manner  in  which 
the  change  of  flux  A<p  is  produced,  and  this  can,  if  desired,  be  obtained  by  passing  a  current 
through  one  of  the  coils  and  interrupting  or  changing  the  value  of  this  current.  In  this  case, 
however,  while  the  current  is  flowing  there  will  be  an  77?  drop  due  to  the  resistance  of  the  coil 
which  will  tend  to  cause  a  permanent  deflection  of  the  galvanometer  and  will  thus  interfere  with 
the  measurements.    This  can  be  eliminated  by  using  a  Wheatstone  bridge  arrangement,  as 
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shown  in  figure  ]h.  Here  R3  and  Rt  are  auxiliary  resistances  which,  together  with  P  and  R2, 
form  a  Whoatstone  bridge.  The  procedure  is  to  first  adjust  R4  so  that  this  bridge  is  balanced 
while  a  steady  current  is  flowing  through  the  primary.  The  resistance  Rx  is  then  adjusted  until 
the  galvanometer  gives  no  throw  when  this  current  is  interrupted.  When  a  balance  has  been 
obtained  under  both  conditions,  it  can  he  shown  by  reasoning  similar  to  that  in  Section  III 
that 

=  NAjP,=S  +  Rl 
n"    NpA<pp    P  +  h\- 

A  similar  arrangement  can,  of  course,  be  used  to  send  current  through  the  secondary 
windings,  as  is  shown  in  figure  lc.  Since  tho  value  of  the  resistances  S  and  P  are  involved  in 
the  final  formula,  these  bridge  circuits  serve  very  conveniently,  if  the  values  of  R3  and  Rt  are 
known,  to  measure  the  resistances  of  the  windings. 

Owing  to  the  fact  that  the  windings  arc  of  copper,  which  rises  in  temperature  considerably 
when  earn  ing  the  working  current,  it  is  usually  convenient  to  insert  a  manganin  resistance  of 
ahout  one  ohm  in  series  with  the  primary  winding.  This  serves  to  reduce  the  temperature 
coefficient  of  the  circuit  and  greatly  reduces  the  drift  of  the  galvanometer  due  to  the  heating. 

In  the  simple  arrangement  shown  in  figure  1„  the  presence  of  a  condenser  shunted  around 
the  primary  lias  no  effect  upon  the  measurements  since  it  is  uncharged  both  at  the  beginning 
and  end  of  the  operation.  When  sending  current  through  the  windings  from  a  battery,  however, 
the  condenser  is  charged  initially  to  a  voltage  equal  to  the  IR  drop  in  the  winding,  and  this 
energy  adds  to  the  ballistic  throw  when  the  circuit-  is  broken.  In  actual  practice,  however, 
this  effect  is  entirely  negligible.  Figure  2  shows  the  circuits  as  actually  used  at  the  Bureau 
of  Standards  in  which  the  douhle  throw  switches  marked  S — P  serve  to  connect  the  auxiliary 
bridge  arms  for  use  in  sending  current  through  the  secondary  or  primary  coil,  respectively, 
and  the  simple  arrangement  in  figure  la  is  obtained  when  all  the  switches  are  opened.  The 
values  of  resistances  used  are  given  in  the  following  table : 

7?,  =dial  box,  1000's  to  10's. 

R2  =100  ohms  fixed. 

Rs  =5  ohms  fixed. 

#3'  =  1000  ohms  fixed. 

Rt  =dial  box,  1000's  to  l's. 

i?5  =1  ohm  fixed. 

This  circuit  is  supplied  from  S  volts  when  using  the  primary  winding  and  80  volts  when 
using  the  secondary. 

DISCUSSION  OF  MAGNETIC  CIRCUIT. 

It  will  be  ohserved  that  this  method  gives,  strictly  speaking,  the  ratio  of  flux  turns  in  the 
two  coils  and  not  the  ratio  of  turns  themselves  and  a  consideration  of  the  magnetic  circuit,  as 
indicated  in  figure  3,  shows  the  values  of  this  ratio  to  be  expected  in  the  various  cases.  For 
the  circuits  shown  in  figure  la,  in  which  only  the  field  of  the  permanent  magnet  is  used,  it  is 
evident  from  figure  3„  that  some  of  the  flux  will  pass  through  the  secondary  coil  without  linking 

N 

the  primary.    The  ratio  nm  thus  observed  will  therefore  be  greater  than  -J  •    If  the  measure- 

ment  is  made  by  sending  current  through  the  primary,  then,  as  shown  in  figure  3b,  all  of  the 

^  V  ...  N.  ~ 

primary  flux  will  not  link  the  secondary,  and  the  observed  ratio  nv  will  he  less  than  On 

the  other  hand,  if  the  measurement  is  made  with  current  through  the  secondary,  then  some  of  the 

secondary  flux  will  not  link  the  primary,  and  the  observed  ratio  ns  will  be  greater  than  'y  •  In 

either  of  the  last  two  cases,  the  departure  from  the  ratio  of  turns  will  be  greater  when  the 
magnetomotive  force  of  the  coil  aids  that  due  to  the  permanent  magnets  than  when  it  opposes 
it,  as  the  iron  is  then  more  ncarl}'  saturated  and  less  permeable.  Typical  results  on  a  magneto 
of  the  shuttle  core  type  which  shows  these  variations  in  apparent  ratio  is  given  in  Table  I. 
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Table  I. — Observed  Jlux-turn  ratios  in  Berlimj  S-1S,  mayneto  shuttle  core  type. 


Position  of  annul  lire  axis. 

Ratio  measured  by- 

Current  in 
primnry 
np. 

Magnet 
BOX  nm. 

Current  in 
secondary 
n» 

55.6 
56.4 
55.9 

59.4 
57.4 
57.8 

57.1 

56.0 

57.1 

57.9 

If  the  windings  are  regarded  as  independent  coils  having  inductances  Ll  and  L2,  and  a 
mutual  inductance  M,  then  we  may  write 

—  ^L\  and 

^  ^  >  is  therefore  given  by  .y  JB;    The  ratio 

of  the  inductances  is  similarly  given  by  npn,. 

As  will  be  seen  by  reference  to  the  data  given  in  Table  II,  the  value  of  k  is  very  nearly  unity, 
which  means  that  the  energy  is  very  easily  transferred  from  primary  to  the  secondary  circuit 
at  the  instant  of  break.  The  effect  of  the  few  per  cent  by  which  1c  departs  from  unity  upon 
the  operation  of  the  magneto  is  very  complex,  but  the  energy  involved  in  the  leakage  flux  is 
obviously' small  compared  with  the  total  amount  of  energy  stored. 


RESULTS  ON  VARIOUS  MAGNETOS. 

The  following  table  gives  the  result  of  measurements  made  by  the  method  outlined  above 
on  a  number  of  magneto  and  ignition  coil  systems.    The  values  of  the  observed  ratio  with  all- 
three  connections  are  given,  also  the  coefficient  of  coupling  and  the  square  root  of  the  ratio 
of  secondary  to  primary  inductance.    This  latter  figure  is  probably  the  best  estimate  available 
of  the  true  ratio  of  turns  for  each  winding. 

Table  II. 


Magneto. 


American  Bosch. 
Berkshire  L.  H.. 
Berkshire  U.H.. 
B.  T.  U.  No.  5376 
S.  E.  V.  No.  2.... 

Berlins  V.  81  

Berling  S.  18  

Lencke  

Dixie  800  

German  Bosch... 

Dixie  88  

Deleo  (Liberty).. 


n, 

48.9 

47.4 

49.7 

48.6 

0.977 

44.2 

42.9 

45.8 

44.4 

.968 

67.2 

55.5 

59.1 

57.3 

.970 

67.8 

65.3 

67.8 

66.6 

.982 

68.3 

66.1 

68.4 

67.2 

.983 

57.8 

56.1 

58.3 

57.2 

.980 

57.1 

56.0 

58.2 

57.1 

.980 

36.5 

35.6 

36.7 

36.2 

.985 

57.0 

56.2 

58.4 

57.3 

.980 

43.8 

42.6 

44.1 

43.4 

.983 

53.0 

52.2 

54.1 

53.2 

.983 

88.6 

93.0 

90.8 

.963 
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GENERAL  ANALYSIS  OF  AIRPLANE  RADIATOR  PROBLEMS. 

By  H.  C.  Dickinson,  W.  S.  James  and  R.  V.  Ki.EiNscn.MiDT. 

The  objects  of  this  report  are  (1)  to  present  the  analysis  of  the  problem  on  which  the  experi- 
mental work  conducted  at  the  Bureau  of  Standards  is  based,  (2)  to  explain  the  technical  terms 
used  in  the  work,  and  (3)  to  show  the  relations  between  the  various  parts  of  the  work  which 
are  dealt  with  in  detail  in  other  reports. 

The  function  of  a  radiator  is  to  dissipate  heat,  but  while  doing  so,  it  will  have  certain 
adverse  effects  on  the  plane  on  which  it  is  mounted.  First,  it  will  add  to  the  weight;  second, 
the  conditions  for  obtaining  the  best  transfer  of  heat  from  the  metal  surface  to  the  air  require 
that  the  air  shall  flow  rapidly  past  the  surface,  and  this  condition  causes  head  resistance; 
third,  certain  positions  of  mounting  on  the  plane  seriously  obstruct  the  view  of  the  pilot  or 
observer.  A  fourth  factor  of  special  importance  in  military  airplanes  is  vulnerability  and 
liability  to  injury,  either  from  accident  or  from  enemy  bullets.  The  last  two  factors,  not 
being  capable  of  measurement,  have  not  been  considered  in  this  investigation. 

STATEMENT  OF  THE  PROBLEM. 

The  problem  of  design  therefore  becomes  one  of  determining  the  type  of  structure,  and 
the  location  on  the  plane,  that  shall  give  the  radiator  the  cooling  capacity  required  for  .the 
engine  with  which  it  is  to  be  used,  and  at  the  same  time  shall  result  in  a  minimum  adverse 
effect  on  the  plane.  The  adverse  effects  due  to  weight  and  head  resistance  will  be  represented 
by  the  power  absorbed  in  lifting  and  sustaining  the  weight  and  in  overcoming  the  head  resist- 
ance, and  the  fundamental  criterion  for  an  airplane  radiator  will  be  that  its  absorption  of 
power  shall  be  low,  when  it  is  of  such  size  as  to  dissipate  the  required  amount  of  heat. 

It  is  necessary  to  state  with  some  care  what  is  meant  by  "power  absorbed  chargeable  to 
the  radiator."  If  it  were  possible  to  build  and  operate  a  plane  without  any  radiator  (or  other 
construction  to  perform  its  function),  a  certain  amount  of  power  would  be  required  to  drive 
the  plane  through  the  air  at  a  given  speed.  But  the  addition  of  the  radiator  may  necessitate 
alterations  in  structure  (such  as  the  substitution  of  a  flat-nose  radiator  for  a  stream-line  nose 
or  the  enlargement  of  the  fuselage  in  order  to  accommodate  the  radiator  required),  which  will 
make  the  resistance  of  the  plane  greater  than  in  the  former  case;  and  the  radiator  itself  will 
add  to  the  weight  of  the  plane  and  will  offer  resistance  to  passage  through  the  air.  The  differ- 
ence between  the  power  required  to  drive  the  plane  as  equipped  with  the  radiator  and  that 
required  to  drive  it  at  the  same  speed  when  designed  without  a  radiator  is  the  power  absorbed 
chargeable  to  the  radiator.  It  includes  power  absorbed  due  to  (1)  weight  of  the  radiator; 
(2)  pressure  difference  producing  flow  of  air  through  the  radiator  (i.  e.,  the  head  resistance  of 
the  core);  (3)  any  increase  in  the  resistance  of  the  fuselage  or  other  parts  of  the  plane  caused 
by  changes  in  the  condition  of  air  flow  around  the  parts,  or  by  changes  in  the  structure  necessi- 
tated by  the  radiator;  (4)  pressure  necessary  to  produce  water  flow  through  the  radiator. 
Items  (2)  and  (3)  together  constitute  the  head  resistance  chargeable  to  the  radiator,  as  dis- 
tinguished from  the  head  resistance  of  the  core.  In  the  case  of  a  nose  radiator  there  is  not  only  a 
change  in  the  condition  of  air  flow  due  to  the  air  which  passes  into  the  fuselage  and  out  through 
the  louvres,  but  also  a  change  in  form  of  the  fuselage,  due  to  the  flat  (and  sometimes  enlarged) 
nose  required  to  accommodate  the  radiator. 

153215— S.  Doc.  166,  66-'2  15  217 


218 


ANNUAL,  REPORT  NATIONAL  ADVISORY'  COMMITTEE  FOR  AERONAUTICS. 


THREE  METHODS  OF  ATTACK. 

There  are  three  ways  in  which  the  problem  may  be  attacked,  namely: 

1.  A  study  of  complete  radiators  on  planes. 

2.  A  study  of  types  of  radiator  core  and  the  methods  of  generalizing  results  to  obtain  the 
properties  of  complete  radiators. 

3.  A  study  of  the  properties  of  single  tubes,  cells,  or  plates. 

•  The  first  of  these  has  been  the  basis  of  cut-and-try  methods  of  determining  whether  a 
radiator  will  cool  or  not,  but  it  has  not  been  possible  to  consider  the  adverse  effect  on  the  plane 
by  this  method,  except  roughly.  Weight  is  the  only  factor  that  can  easily  be  measured,  and 
it  is  found  that  in  determining  the  power  absorbed,  weight  may  be  of  but  small  importance  in 
•comparison  with  head  resistance.  Although  it  might  be  possible  to  work  out  a  method  whereby 
complete  data  could  be  obtained  from  tests  in  flight,  the  expense  and  difficulty  of  making  the 
necessary  large  number  of  tests  on  planes  is  so  great  that  a  simpler  method  has  been  chosen, 
which  will  allow  a  large  number  of  types  of  core  to  be  tested  under  widely  varying  conditions 
of  use.  • 

The  study  of  types  of  core  has  therefore  been  selected  as  the  basis  of  the  experimental 
work,  to  be  supplemented  by  such  work  on  complete  radiators  in  planes  as  may  be  required  to 
verify  the  conclusions  reached,  and  furnish  needed  data  on  the  effect  of  location  on  performance. 
It  has  also  been  found  advisable  further  to  simplify  certain  portions  of  the  work  by  studies  on 
single  tubes  and  plates. 

The  object  of  a  laboratory  stud}7  of  types  of  core  is  to  determine: 

1.  The  structural  characteristics  of  the  core  which  determine  its  performance  in  any  par- 
ticular case,  and  the  effect  of  these  characteristics  on  performance. 

2.  The  properties,  or  behavior,  of  the  core  when  subjected  to  various  conditions  of  use. 

3.  The  conditions  under  which  the  core  will  operate  when  it  is  a  portion  of  a  radiator  in 
any  particular  location  on  a  plane. 

STRUCTURAL  CHARACTERISTICS  OF  A  CORE. 

The  characteristics  of  a  core  which  determine  its  behavior  under  given  conditions  of  use 
have  been  taken  to  be: 

1.  Form  and  dimensions  of  air  and  water  passages. 

2.  Depth  of  the  core  (measured  in  the  direction  of  the  air  flow). 

3.  Kind  and  thickness  of  metal. 

4.  The  portion  of  the  frontal  area  which  is  open  to  allow  the  passage  of  air  through  the 
core,  called  "free  area  of  the  air  tubes." 

5.  Extent  and  nature  of  cooling  surface. 

As  an  example  of  the  way  in  which  these  factors  influence  the  performance  of  the  core,  the 
following  may  be  noted.  As  the  depth  of  a  core  is  increased  the  effectiveness  of  the  cooling 
surface  decreases  owing  to  the  rise  in  the  temperature  of  the  air  as  it  passes  through  the  air 
tubes,  and  the  consequent  decrease  in  temperature  difference  between  the  surface  and  the  air. 
At  the  same  time  the  amount  of  air  that  will  flow  through  a  tube  decreases  as  the  depth  increases, 
tending  further  to  reduce  the  cooling  per  unit  surface.  On  the  other  hand,  the  total  amount  of 
cooling  surface  per  unit  of  frontal  area  is  increased,  and  at  a  much  smaller  cost  in  head  resistance 
than  would  be  the  case  if  the  frontal  area  were  increased.  Many  of  the  effects  of  structural 
characteristics  are  governed  by  well-established  laws  so  that  a  mathematical  theorv  can  be 
developed  to  predict  their  magnitude. 

PROPERTIES  EXPRESSING  THE  BEHAVIOR  OF  A  CORE. 

The  properties  of  a  core  which  express  its  performance  are  the  following: 
1.  Energy  dissipated  (heat  transfer  or  cooling  capacity). — Since  heat  may  be  expressed  in 
units  of  work,  the  rate  of  dissipation  of  heat  may  be  exoressed  in  units  of  power.    It  has  been 
expressed  in  horsepower  per  square  foot  of  frontal  area,  at  any  given  air  speed,  for  the  con- 
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ditions  of  turbulent  water  flow  and  a  temperature  difference  of  100°  F.  between  the  water  and 
air,  as  defined  below. 

2.  Weight  of  the  core,  and  of  the  water  contained,  are  important  properties,  being  directly 
involved  in  the  computation  of  horsepower  absorbed. 

3.  Head  resistance  of  the  core,  the  force  required  to  push  it  through  the  air,  must  be  dis- 
tinguished from  head  resistance  chargeable  to  the  radiator  (defined  above),  which  is  the  part  of 
the  over-all  resistance  of  the  plane  caused  by  the  radiator  and  any  modifications  of  structure 
that  the  radiator  may  make  necessary. 

4.  Mass  flow  constant. — It  is  found  for  all  ordinary  types  of  core  that,  when  supported  in  a 
free  air  stream,  the  amount  of  air  that  passes  through  the  core  is  proportional  to  the  free  air 
speed  (at  constant  density),  and  therefore  is  proportional  to  the  mass  of  air  that  would  pass 
through  the  area  occupied  by  the  core  if  the  core  were  removed.  The  fractional  part  of  the  air 
approaching  the  core,  which  actually  passes  through  its  air  tubes,  has  been  called  the  mass  flow 
constant  of  the  core.  It  is  an  important  property,  since  the  heat  transfer  and  the  head  resistance 
are  both  closely  related  to  it. 

5.  The  power  absorbed  by  a  core  may  be  computed  from  the  head  resistance  and  the  weight 
as  follows : 

(a)  If  the  total  weight  and  the  total  available  power  (at  the  propeller)  are  known  for  the 
plane,  the  power  absorbed  by  the  weight  of  the  core  can  be  found  approximately,  and  to  this 
must  be  added  the  power  required  to  overcome  the  head  resistance,  the  latter  being  obtained 
directly  from  the  head  resistance  and  the  speed  of  the  plane. 

(b)  If  the  lift-drift  ratio  of  the  plane  is  known,  it  is  simpler  to  divide  the  weight  by  this 
ratio,  and  thus  reduce  it  to  equivalent  head  resistance;  i.  e.,  drag  on  the  wings  and  structure 
required  to  carry  the  weight,  and  to  add  this  to  the  head  resistance  before  multiplying  by  the 
plane  speed  to  obtain  the  power  absorbed. 

In  either  case,  it  should  be  borne  in  mind  that  the  power  so  computed  is  not  necessarily 
equal  to  the  power  chargeable  to  the  radiator,  but  is  subject  to  the  same  limitations  as  the  head 
resistance,  as  noted  above.  This  method,  which  is  intended  to  give  a  basis  for  comparison 
between  cores,  gives  only  an  approximation.  The  British  have  shown  by  a  very  careful  analysis 
the  effect  on  a  plane  of  small  additions  of  weight  and  resistance,  and  it  is  shown  that  their 
relative  importance  varies  greatly,  according  as  top  speed  or  rate  of  climb  is  given  greater 
weight.    This,  of  course,  is  due  to  the  change  in  lift-drift  ratio  under  various  conditions. 

6.  Figure  of  merit. — In  order  to  obtain  a  quantity  by  means  of  which  the  performance  of 
various  cores  can  easily  be  compared,  it  is  necessary  to  consider  both  the  energy  dissipated 
and  the  power  absorbed.  The  rate  at  which  a  radiator  dissipates  heat  per  unit  power  absorbed 
is  a  measure  of  the  suitability  of  the  radiator  for  airplane  use  so  far  as  these  two  factors  are 
concerned.  This  quantity  has  been  called  the  figure  of  merit.  The  figure  of  merit  will  be  the 
criterion  for  a  radiator  in  any  position,  provided  the  power  absorbed  is  the  total  power  absorbed 
chargeable  to  the  radiator  as  defined  above.  Unfortunately  it  is  necessary  to  limit  the  defini- 
tions of  head  resistance  of  a  core  and  power  absorbed  by  a  core  to  very  specific  conditions  of 
use  which  can  be  accurately  reproduced  in  the  laboratory,  so  that  it  is  only  when  the  air  flow 
around  the  radiator  is  not  obstructed  by  other  parts  of  the  plane  that  the  figure  of  merit  of  a 
core  is  of  value  in  determining  the  figure  of  merit  of  a  radiator. 

CONDITIONS  OF  USE. 

The  conditions  of  use  which  affect  the  performance  of  the  radiator,  have  been  chosen  not 
only  to  give  the  most  accurate  description  of  the  factors  which  really  determine  the  properties, 
but  also  to  allow  of  easy  comparison  with  the  conditions  found  in  flight.    They  are  the  following: 

1.  The  mass  flow  of  air  through  the  core.  This  is  defined  as  the  mass  of  air  that  flows 
per  second  through  the  air  tubes  of  a  section  of  core  of  one  square  foot  frontal  area.  This  use 
of  the  term  "mass  flow"  is  identical  with  the  common  use  of  the  term  in  the  works  of  Osborne 
Reynolds  and  others,  if  the  radiator  is  regarded  as  a  structure  through  which  air  flows,  and  no 
account  is  taken  of  the  fact  that  the  flow  is  made  up  of  a  flow  through  a  number  of  small  tubes. 
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A  careful  distinction  is  made  between  the  velocity  of  the  air  approaching  the  radiator 
(free  air  speed)  and  the  mass  flow  through  the  core.  It  is  the  latter  quantity  that  determines 
the  effect  of  air  velocity  on  heat  transfer.  It  should  be  noted  that  the  flow  of  air  through  the 
core  depends  upon  many  factors  besides  the  free  air  speed. 

2.  Temperature  difference  between  air  and  water.  Strictly  speaking,  the  heat  transfer 
is  determined  by  the  mean  over  the  entire  core,  of  the  temperature  difference  between  the  air 
and  the  water,  at  each  small  element  of  cooling  surface.  It  can  be  shown,  however,  that  for  a 
given  radiator  under  constant  conditions  of  air  flow  and  water  flow,  except  that  the  air  and 
water  temperatures  vary,  the  heat  transfer  is  very  nearly  proportional  to  the  difference  be- 
tween the  mean  temperature  of  the  water  and  the  temperature  of  the  entering  air.  The 
water  temperature  depends,  however,  on  the  total  length  of  the  core,  as  well  as  upon  the  rate 
of  flow  through  the  core,  so  that  it  is  much  simpler  to  use  the  mean  water  temperature. 
The  logarithmic  mean  should  theoretically  be  used,  but  as  the  arithmetic  mean  differs  from 
it  very  slightly  under  ordinary  conditions  of  use  it  has  been  employed  to  save  labor.  The 
temperature  difference  under  which  a  core  works  is  given,  then,  as  the  difference  between 
the  temperature  of  the  entering  air  and  the  mean  of  the  temperatures  of  the  entering  and 
leaving  water. 

3.  Air  density. — Results  have  been  reduced  to  a  "standard"  air  density  of  0.0750  pounds 
per  cubic  foot  (0.001201  grams  per  cc;  approximately  density  of  dry  air  at  20°  C,  78°  F.). 

4.  Flow  of  water  may  be  expressed  in  two  ways,  in  quantity  units,  and  in  linear  velocity 
through  the  tubes.  The  quantity  of  water  flowing  affects  the  drop  in  temperature  of  the  water 
in  passing  through  the  radiator,  while  the  linear  velocity  determines  to  some  extent  the  rate  of 
heat  transfer. 

5.  The  mechanical  condition  of  the  air  and  water  in  the  tubes  of  the  core  is  of  considerable 
importance  in  determining  its  performance..  If  there  is  turbulent  flow,  the  heat  transfer  will 
be  by  convection  and  can  be  much  more  rapid  than  in  the  case  of  streamline  flow.  On  the 
other  hand  it  is  necessary  to  impart  considerable  energy  to  a  fluid  in  order  to  produce  turbu- 
lence, and  this  means  an  increased  absorption  of  power  by  the  radiator. 

GENERALIZATION  OF  THE  PROPERTIES  OF  A  CORE  TO  OBTAIN  THOSE  OF  A  COMPLETE 

RADIATOR. 

In  considering  the  relations  between  the  conditions  under  which  a  section  of  core  operates 
when  in  a  complete  radiator,  and  the  test  conditions  used  in  the  laboratory,  there  are  seen  to  be 
*  two  general  classes  of  locations  in  which  a  radiator  may  be  placed  on  a  plane.  When  the  air 
flow  around  and  through  the  radiator  is  not  affected  by  the  surrounding  portions  of  the  plane, 
the  radiator  is  said  to  be  in  an  unobstructed  position.  In  this  case  there  is  no  reciprocal  effect 
of  the  radiator  on  the  other  parts  of  the  plane,  and  the  properties  of  a  radiator  in  such  a  position 
may  be  computed  from  the  results  of  laboratory  tests. 

When  the  air  flow  through  the  radiator  is  affected  by  other  parts  of  the  plane,  it  is  said 
to  be  in  an  obstructed  position.  Such  a  radiator  has  a  marked  effect  on  the  properties  of  sur- 
rounding portions  of  the  plane,  and  the  effects  chargeable  to  it  are  not  related  in  a  simple  manner 
to  the  properties  of  its  core. 

In  order  to  obtain  the  properties  ot  a  radiator  when  in  place  from  the  properties  of  the 
core  as  determined  by  laboratory  tests,  it  is  necessary  to  know  (1)  the  conditions  of  use  of  each 
part  of  the  core,  i.  e.,  air  flow,  water  flow,  and  temperatures;  (2)  the  effect  of  headers,  piping, 
etc.;  and  (3)  the  reciprocal  effect  of  the  radiator  (especially  the  air  flow  through  it)  on  other 
parts  of  the  plane. 

AIR  FLOW  THROUGH  THE  RADIATOR. 

The  mass  flow  of  air  through  a  radiator  in  an  unobstructed  position  may  be  obtained 
directly  from  the  mass  flow  constant  of  the  core,  the  free  air  speed  to  which  the  core  is  sub- 
jected, and  the  air  density.  The  free-air  speed  will  usually  be  the  plane  speed,  augmented  by 
any  effect  of  the  propeller-slip  stream.    For  a  radiator  in  an  obstructed  position,  tie  mass 
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flow  of  air  can  not  easily  be  computed.  It  is  hoped  to  make  measurements  of  this  mass  flow 
in  obstructed  positions  in  a  series  of  tests  in  flight. 

TEMPERATURE  DIFFERENCE. 

As  noted  above,  the  temperature  difference  selected  for  expressing  the  energy  dissipated 
was  so  chosen  that  the  results  can  be  applied  at  once  to  a  radiator  of  any  size  by  using  the  mean 
temperature  of  the  water.  The  latter  may  be  found  from  the  entering  temperature,  the  amount 
of  heat  to  be  dissipated,  and  the  water  flow.  It  is  therefore  possible  to  regard  an  entire  radiator 
as  having  a  mean  temperature,  and  as  the  air  entering  all  parts  of  the  radiator  will  commonly 
have  the  same  temperature,  the  mean  temperature  difference  for  the  radiator  i3  easily  found. 

FLOW  OF  WATER. 

The  linear  velocity  of  the  water  in  the  tubes  determines  the  turbulent  condition  of  the  flow 
and  should  be  kept  above  a  certain  value  for  each  type  of  core.  The  total  quantity  of  water 
flowing  per  unit  time  determines  the  temperature  drop  in  the  water,  and  thus  affects  the  tem- 
perature difference. 

ENERGY  DISSIPATED. 

The  laboratory  tests  of  a  core  will  give  the  energy  dissipated  under  "standard"  conditions 
for  a  unit  frontal  area  of  core,  and  for  any  mass  flow.  If  the  mass  flow  is  known,  the  total  heat 
dissipated  will  be  found  from  the  test  results  and  the  trontal  area  of  the  core.  Conversely,  if 
the  heat  to  be  dissipated  is  known,  the  required  frontal  area  of  core  can  be  determined.  The 
amount  of  heat  to  be  dissipated  is  a  subject  that  will  bear  some  study  under  actual  flight  con- 
ditions. In  particular,  the  effect  of  the- air  that  passes  through  a  nose  radiator,  in  cooling 
directly  the  walls  of  the  engine  jackets,  should  be  determined,  for  it  is  an  effect  with  which  the 
radiator  (or  the  position)  should  be  credited. 

HEAD  RESISTANCE. 

The  head  resistance  of  a  radiator  placed  in  an  unobstructed  position  may  be  obtained 
directly  from  that  of  the  core.  It  is  roughly  proportional  to  the  frontal  area,  but  includes 
the  effect  of  headers  and  connections.  For  an  obstructed  position,  if  the  mass  flow  of  air  is 
known,  the  head  resistance  of  the  core  will  be  the  same  as  that  given  in  an  unobstructed  position 
when  at  such  a  speed  as  gives  the  same  mass  flow.  But  this  value  represents  only  that  part 
of  the  total  resistance  chargeable  to  the  radiator  which  is  duo  to  the  pressure  difference  on  its 
two  faces.  The  resistance  which  other  parts  of  the  plane  offer  to  the  air  which  has  passed 
through  the  radiator  may  be  very  considerable.  Also,  if  the  front  of  the  fuselage  has  to  be 
enlarged  in  order  to  accommodate  a  large  nose  radiator,  this  may  cause  a  very  great  increase 
in  the  resistance  of  the  fuselage,  all  of  which  is  chargeable  to  the  radiator.  The  resistance  of 
obstructed  radiators  requires  special  study. 

POWER  ABSORBED. 

The  power  absorbed  by  an  unobstructed  radiator  may  be  obtained  from  that  of  the  core 
as  given,  by  a  laboratory  test  with  corrections  for  headers  and  connections.  Since,  however,  it 
depends  upon  the  lift-drift  ratio  of  the  plane  (it  has  been  computed  for  a  ratio  of  5.4),  a 
special  computation  using  the  actual  lift-drift  ratio  of  the  plane  will  give  a  better  value. 
The  values  given  with  the  results  of  tests  are  intended  chiefly  for  comparative  purposes. 
In  obstructed  positions  the  power  absorbed  must  be  specially  determined. 

FIGURE  OF  MERIT. 

The  figure  of  merit  of  a  radiator  in  an  unobstructed  position  will  for  comparative  purposes 
be  equal  to  that  of  the  core.  For  obstructed  positions  it  must  be  specially  computed.  It  will 
always  be  less  than  that  of  the  same  radiator  in  an  unobstructed  position  with  the  same  mass 
flow  of  air. 
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GENERAL  DISCUSSION  OF  TEST  METHODS  FOR  RADIATORS. 

By  H.  C.  Dickinson,  W.  S.  James,  and  W.  B.  Brown. 

INTRODUCTION. 

It  has  been  shown  in  the  analysis  of  the  airplane  radiator  problem  that  it  is  necessary  to 
make  measurements  on — 

(1)  The  core  characteristics  which  define  its  nature. 

(2)  Heat  dissipated,  as  dependent  on — 

(a)  Nature  of  core. 

(&)  Mass  flow  of  air  through  the  core. 

(c)  Density  of  the  air. 

(d)  Water  flow  through  the  core. 

(e)  Temperature  difference  between  the  air  and  water. 

(3)  Power  needed  to  lift  the  radiator  and  overcome  its  head  resistance,  as  dependent 
on — 

(a)  Nature  of  core. 

Q>)  Air  speed  in  the  open. 

(c)  Air  density. 

(4)  Mass  flow  of  air  through  the  core,  as  dependent  on— 

(a)  Nature  of  the  core. 

(b)  Air  speed  in  the  open. 

(5)  Power  needed  to  circulate  water  through  the  core,  as  dependent  on-- 

(a)  Nature  of  the  core. 

(b)  Rate  of  water  flow. 

Point  (5)  has  been  covered  by  Report  No.  63,  Part  II,  and  is  entirely  distinct  from  the 
others.  The  following  paragraphs  describe  (a)  the  apparatus,  (b)  the  method  of  taking 
observations,  (c)  tho  method  of  computing  the  results,  for  the  first  four. 

Test  Specimens. 

The  specimens  tested  for  head  resistance  were  plain  sections  of  core  without  water  boxes  or 
other  attachments.  They  varied  in  size  from  approximately  6  inches  square  to  approximately 
12  inches  by  24  inches  and  16  inches  square. 

Those  tested  for  rate  of  heat  dissipation  were  uniform  in  size  and  fittings.  The  cores  were 
8  inches  square,  with  water  boxes  1  inch  deep,  as  shown  in  Fig.  1 .  The  entrance  and  exit  water 
pipes  were  fitted  onto  brass  tubing  li  inches  deep  and  1A  inches  in  diameter,  which  were  in- 
serted into  each  water  box.  Just  inside  the  water  box  was  a  baffle  of  brass  to  equalize  the 
water  flow  through  the  core. 

(1)  CORE  CHARACTERISTICS. 

Tha  core  charcteristics  determined  were: 

(1)  Dimensions  of  the  water  tubes,  length  (parallel  to  the  direction  of  water  flow),  depth 
(parallel  to  the  direction  of  air  flow),  thickness  (perpendicular  to  previous  two),  hydraulic  radius 
(ratio  of  area  of  a  section  perpendicular  to  the  direction  of  water  flow  to  its  perimeter). 

(2)  Dimensions  of  air  tubes,  depth  (same  direction  as  depth  above),  and  hydraulic  radius. 
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(3)  Per  cent  free  area  of  air  passages. 

(4)  Extent  and  distribution  of  the  cooling  surface. 

(5)  Weight  of  the  core  empty  and  filled  with  water. 

(6)  Nature  and  thickness  of  the  metal. 

(7)  Shape  of  the  air  and  water  passages. 

DIMENSIONS  OF  THE  WATER  TUBES. 

The  apparatus  used  to  measure  the  cross  section  of  the  water  tubes  is  shown  in  figure  2. 
A  radiator  specimen,  R,  with  water  tubes  t-t,  was  placed  upright  on  a  support.  Water  from  a 
graduated  burette  B  was  admitted  into  the  radiator  until  the  water  level  was  a  little  way  abave 
the  entrance  to  the  water  tubes.  Suppose  this  level  was  li2.  This  and  the  water  level  in  the 
burette  B  were  read.  The  cock  Cwas  opened  and  watei  admitted  to  the  radiator  until  another 
level  /(  was  reached,  when  readings  of  (lie  gauge  and  burette  were  taken  again.  When  from  (i  to 
10  different  levels  had  been  observed  and  a  level  \,  near  the  top  of  the  specimen  reached,  the 
burette  was  moved  to  position  1  and  readings  taken  while  emptying  the  radiator. 

The  burette  B  was  calibrated  by  weighing  its  water  content  at  different  levels.  The  !ine 
dividing  engine  of  the  Division  of  Weights  and  Measures  was  used  to  calibrate  the  gauge. 
This  was  road  (while  taking  observations)  to  0.01  cm.  and  the  volume  to  1  cc. 

Volumes  in  cc.  were  plotted  against  gauge  levels  in  cm.  and  the  points  found  to  lie  cn  a 
straight  line.  If  the  slope  of  this  line  is  denoted  by  in,  the  area  of  the  water  tubes  by  a,  and  the 
area  of  the  gauge  by  g,  then  since  all  the  water  leaving  the  burette  goes  into  the  radiator  and 
gauge  and  raises  the  level  of  each  by  the  same  amount, 

(1)  m  =  a  +  g 

The  constant  g  was  determined  previously  by  using  in  the  gauge  known  volumes  of  water. 

Two  tests  were  made  on  each  specimen.  If  the  resulting  values  of  a  differed  more  than  3  per 
cent,  other  tests  were  made.  The  number  of  water  tubes  was  counted.  The  depth  of  the  tubes 
was  measured  with  a  rule  and  calipers.  When  the  water  tubes  were  not  vertical,  e.  g.,  in  the 
hexagonal  cell  types,  the  area  above  (which  is,  of  course,  the  horizontal  area)  was  projected 
onto  a  plane  normal  to  the  direction  of  the  water  flow.  This  projected  area  divided  by  the 
number  of  tubes  gave  the  area  of  one  tube.  A  further  division  by  the  depth  gave  the  thickness. 
Twice  the  sum  of  the  thickness  and  depth  is  the  perimeter,  and  this  divided  into  area  gave  the 
hydraulic  radius.  The  water-tube  length  in  inches  of  a  foot  square  section  is  12//'',  if  F  is  the 
above  projection  factor. 

a  was  expressed  in  square  feet  per  foot  of  core  width,  so  that  the  water  content  of  the  :ore 
was  62.4  a,  62.4  being  the  density  of  water  in  pounds  per  cubic  foot. 

DIMENSIONS  OF  THE  AIR  TUBES. 

The  method  used  in  finding  the  cross  sectional  area  of  the  air  tubes  was  similar  to  the  one 
just  described.  The  specimen  was  clamped  face  down  onto  the  top  of  a  shallow  tank  7  inches 
square  and  2  inches  deep.  The  rim  of  the  tank  was  1  inch  broad  and  was  faced  with  a  s  trip 
of  soft  rubber,  so  that  the  edge  of  the  specimen  was  sealed  water-tight.  The  tank  contained 
two  openings  to  which  rubber  tubes  could  be  attached,  one  leading  to  the  burette  and  the  other 
to  the  gauge  as  before. 

The  observations  and  computations  were  exactly  the  same  as  in  the  case  of  the  water  tubes. 
Micrometer  measurements  on  the  inside  of  the  air  tubes  and  a  direct  count  of  their  nuriber 
determined  the  perimeter  of  the  air  tubes,  and  when  combined  with  the  area  above,  the  lrydn.ulic 
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radius  also.  These  observations  gave  an  independent  value  of  the  air-tube  area  which  agreed 
well  with  the  results  of  the  above  method. 

The  air-tube  depth  (identical  with  the  core  depth)  was  measured  with  a  rule  and  calipers. 

FREE  AREA  OF  THE  AIR  PASSAGES. 

Since  the  specimens  were  seldom  exactly  8  inches  square,  careful  measurements  of  the  true 
frontal  area  were  made  and  divided  into  the  air-tube  area  to  give  the  per  cent  of  free  area. 

EXTENT  AND  DISTRIBUTION  OF  THE  COOLING  SURFACE. 

When  the  air  tubes  had  a  simple  shape,  circular,  hexagonal,  rectangular,  etc.,  so  that  the 
relation  between  the  area  and  the  perimeter  was  known,  the  air-tube  measurements  above 
sufficed  to  determine  the  cooling  surface,  since  this  is  the  product  of  the  perimeter  of  a  tube  by 
the  number  of  tubes  by  the  core  depth.  (Note:  A  slight  correction  had  to  be  made  sometimes 
on  account  of  the  enlargement  at  the  edges.)  Inspection  of  the  radiator  construction  showed 
what  portion  of  the  surface  was  direct,  i.  e.,  formed  part  of  a  water  tube  or  water  box  wall, 
and  what  indirect,  i.  e.,  received  heat  from  the  water  only  by  conduction  along  a  metal  fin  of 
some  sort.  (E.  g.,  in  a  Harrison  hexagonal  cell  type,  two  sides  of  each  air  cell  formed  part 
of  a  water  tube.  Hence  one-third  of  this  part  of  the  core  was  rated  as  direct  surface  and 
two-thirds  as  indirect.)    The  edges  were  all  rated  indirect. 

With  the  irregular  shapes,  many  different  methods  of  solution  were  used,  depending  on 
the  nature  of  the  irregularity.  Every  effort  was  made  to  determine  these  values  to  2  per  cent, 
but  in  a  few  cases  the  values  could  not  be  fixed  with  certainty  to  better  than  10  per  cent.  Two 
observers  worked  independently  and  compared  their  results,  so  that  large  errors  were  not  apt 
to  escape  detection. 

WEIGHT  OF  THE  CORE. 

•  The  weight  of  the  core  empty  was  found  by  weighing  it  with  the  water  boxes  removed  on 
a  balance.    The  water  content  added  to  this  gave  the  weight  of  the  core  filled. 

NATURE  AND  THICKNESS  OF  THE  METAL. 

All  the  specimens  tested  were  made  of  copper  or  brass,  as  determined  by  inspection.  The 
metal  thickness  was  measured  with  a  stage  micrometer  reading  to  0.005  mm.  The  readings 
however,  were  not  very  uniform,  so  the  values  obtained  are  not  accurate  to  that  degree,  e.  g., 
two  readings  would  give  0.00S  and  0.010  mm. 

SHAPE  OF  THE  AIR  AND  WATER  PASSAGES. 

This  was  determined  by  inspection  and  some  rough  measurements  and  sketched  on  the 
curve  sheets. 

(2)  HEAT  DISSIPATED. 

Two  distinct  sets  of  measurements  were  made  on  the  heat  dissipated  and  two  different 
sets  of  apparatus  used.  Both  made  use  of  8-inch  square  wind  tunnels  and  were  made  so  that 
the  same  specimen  could  be  tested  in  both  tunnels  without  any  alterations.  One  tunnel  was 
inclosed  in  a  tank  which  could  be  partially  exhausted  and  used  hot  water  to  supply  heat  to 
the  radiator.    The  other  was  an  open  tunnel  in  the  room  and  supplied  heat  by  means  of  steam. 

APPARATUS  IN  THE  INCLOSED  TUNNEL. 

A  diagrammatic  sketch  of  this  tunnel  is  shown  in  figure  3.  Air  flow  was  produced  by  the 
suction  of  a  15-inch  Sirocco  fan  driven  by  a  belt  from  a  220-volt,  direct-current  shunt  motor, 
rated  at  7i  horsepower;  110-volt  current  could  also  be  used.  A  further  adjustment  afforded 
by  rheostats  in  both  field  and  armature  enabled  any  speed  through  the  tunnel  between  15  and 
60  miles  per  hour  to  be  obtained.    Both  the  fan  and  the  tunnel  proper  were  inclosed  in  a  steel 
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tank  5  feet  long  and  3  feet  in  diameter.  This  was  sufficiently  air  tight  to  allow  the  maintenance 
within  it  of  a  pressure  of  30  or  40  cm.  of  Hg. 

At  the  tunnel  entrance  a  honeycomb  of  sheet-metal  cells,  1  inch  square  and  3  inches  dejp, 
served  to  break  up  vortices  and  straighten  the  air  flow.    Following  this  in  order  came: 

(1)  A  Pitot  grid  to  measure  the  air  speed. 

(2)  A  resistance  thermometer  to  measure  the  air  temperature. 

(3)  A  thermocouple  grid  to  measure  the  rise  in  the  air  temperature  as  it  passed 

through  the  radiator. 

(4)  A  piezometer  ring  to  measure  the  drop  in  the  static  pressure  of  the  air. 

(5)  The  specimen  under  test. 

(6)  The  other  piezometer  ring. 

(7)  The  other  thermocouple  grid. 

(8)  The  fan. 

(9)  Conical  guide  vanes  to  deflect  the  air  down  the  tank. 

(10)  A  wet  and  dry  bulb  hygrometer  to  measure  the  humidity. 

(11)  A  cold-water  radiator  to  cool  the  heated  air. 

Water  flow  was  produced  by  a  centrifugal  pump  driven  by  a  belt  from  a  one-horsepower 
direct-current  shunt  motor.  The  water  line  is  sketched  in  figure  5.  The  resistance  of  ;he 
heating  coils  to  the  water  flow  was  quite  large  compared  with  the  rest  of  the  line,  so  that  high 
rates  of  water  flow  (above  11  gals./min.)  could  only  be  obtained  by  opening  the  by-pass  arotnd 
the  heater.  A  thermostat  maintained  a  constant  temperature  at  the  radiator  inlet.  After  Jie 
heater  followed  in  order: 

(1)  A  Hg.  thermometer  to  regulate  the  thermostat. 

(2)  A  set  of  thermocouples  to  measure  the  temperature  drop  in  the  water. 

(3)  The  specimen  under  test. 

(4)  The  other  half  of  the  thermocouple  set. 

(5)  A  Venturi  meter  to  measure  the  water  flow. 

(6)  A  drain. 

(7)  A  tank  with  a  free  water  surface  to  open  the  system. 

Construction  and  calibration  of  the  apparatus:  The  air-flow  measurement  offered  some 
difficulty.  A  Thomas  meter  was  first  used  for  the  purpose,  but  owing  to  the  high  air  speed  and 
very  irregular  velocity  distrihution,  it  proved  very  unsatisfactory  and  had  to  be  discarded. 
In  its  place  was  installed  the  Pitot  grid.  This  contained  16  dynamic  openings,  one  at  the  center 
of  each  2  inch  square  section  of  the  tunnel.  All  these  opened  into  one  tube  leading  to  one 
arm  of  an  inclined  water  gauge.  A  piezometer  ring  measured  the  static  pressure  and  led  to  ;he 
other  side  of  the  gauge.  A  piece  of  sheet  copper  was  carefully  inlaid  in  the  tiumel  for  a  distance 
of  6J  inches,  so  that  the  air  passed  over  a  very  smooth  surface  before  reaching  the  piezometer 
ring.  Four  square  copper  tub.es  were  soldered  onto  the  back  of  this  ring  4 1  inches  from  its 
entrance,  at  the  point  of  the  dynamic  openings.  At  J-inch  intervals  all  around  this,  holes  $ 
mm.  in  diameter  were  drilled.  The  burr  was  carefully  scraped  off  the  holes,  and  then  the  holes 
were  cleaned  out  and  smoothed  with  a  hand  drill. 

One  of  the  inclined  water  gauges  is  shown  in  figure  4.  These  were  calibrated  in  each 
position  by  connecting  them  in  parallel  with  a  V  tube  containing  light  oil  of  a  known  density. 
A  zero  reading  (scale  reading  with  zoro  pressure  difference)  was  taken  beforo  and  after  a  run. 
Both  the  zero  and  the  calibration  remained  sensibly  constant  over  a  period  of  many  weeks.  ' 

A  careful  exploration  of  the  channel  at  various  speeds  over  the  range  obtainable  was  made 
with  a  standard  Pitot.  This  Pitot  was  moved  about  at  49  different  points  spaced  regularly 
over  the  channel  and  the  velocity  as  indicated  by  it  and  the  grid  read.  Observations  were  also 
made  on  the  pressure  difference  between  the  static  opening  on  this  Pitot  and  the  piezometer 
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ring.  This  last  varied  slightly  around  zero,  showing  that  the  static  pressure  was  constant  across 
the  channel  within  3  per  cent  of  the  velocity  head  sought.  When  the  velocity  was  integrated 
over  the  channel  it  was  found  to  agree  within  1£  per  cent  with  the  velocity  indicated  by  the 
Pitot  grid  at  all  spoeds. 

A  barometer  was  connected  with  this  piezometer  ring  so  as  to  read  directly  the  air  pressure 
at  the  Pitot. 

The  resistance  thermometer  was  made  in  the  form  shown  in  figure  6.  No.  40  nickel  wire 
was  used,  inclosed  in  a  0.5  mm.  copper  tube.  This  wire  was  calibrated  by  the  thermometer 
section  of  the  bureau  and  found  to  satisfy  the  following  equation: 

(2)  ,        #=103.367  (1  +.003414  t.  +  . 00000419  <2). 

When  11  =  resistance  of  the  wire  in  ohms. 

£=  temperature  of  the  wire  in  °C. 
The  bridge  used  to  read  R  was  calibrated  by  the  Electrical  Division  of  the  bureau  and  the  cor- 
rections found  to  be  negligible.    A  rough  calculation  showed  that  the  maximum  error  caused 
by  neglecting  the  lead  resistance  amounted  to  °.15  C.    This  produced  an  error  of  —0.2  per  cent 
in  the  result. 

At  first  an  attempt  was  made  to  moasuro  the  tempcraturo  rise  in  the  ah'  through  the 
Thomas  meter  and  through  the  radiator  with  200  ohm  resistance  thermometers  in  which  insu- 
lated nickel  wire  was  strung  on  a  lattice  work  of  iron  wire.  Owing  to  the  varying  stresses  on 
the  wire  caused  by  the  air  stream,  the  resistance  changed  so  much  as  to  vitiate  the  measure- 
ments of  small  temperature  differences  (about  1°  C). 

The  thermocouple  grids  proved  much  more  satisfactory.  They  each  consisted  of  25 
copper-cons tantan  junctions  spaced  at  equal  intervals  over  the  channel. 

Calibration  showed  that  they  satisfied  tho  following  equation: 

rip 

(3)  jt  =  . 933  +  . 0022  t 
or 

(4)  e  =  . 933 +  .0011  t2 

where  e  =  E.  M.  F.  in  millivolts  when  cold  junctions  were  at  0°  C.  This  E.  M.  F.  was  measured 
by  means  of  a  Morris  E.  Leeds'  15,000-ohm  potentiometer,  sensitive  to  10  microvolts. 

The  static  rings  about  the  radiator  were  constructed  exactly  like  the  piezometer  ring 
described  above,  save  that  the  coppor  ring  was  2  inches  long. 

The  Venturi  was  connected  to  a  mercury  pressure  gauge  and  the  whole  contrivance  cali- 
brated by  weighing  the  water  discharged  through  it  in  a  known  time. 

A  10-foot  gravity  head  was  originally  used  instead  of  the  pressure  of  the  pump  to  produce 
the  water  flow  through  the  radiator,  but  this  was  discarded  because  it  did  not  give  sufficiently 
high  rates  of  flow.    Tho  pipes  were  insulated  with  magnesia  pipe  lagging  1  inch  thick. 

Many  methods  of  arranging  the  thermocouples  so  as  to  measure  accurately  the  temperature 
drop  in  the  water  were  tried  before  a  successful  one  was  found.  A  single  couple  in  the  inlet 
and  outlet  pipe  proved  too  erratic.  Four  couples  in  series  in  the  center  of  the  box  itself  failed 
to  give  a  good  temperature  integration  besides  giving  such  a  small  reading  that  it  was  much 
affected  by  small  thermal  E.  M.  F.'s  in  the  line.  Twenty-one  couples  arranged  in  three  groups 
of  seven  each,  one  in  the  center  of  the  water  box  and  one  on  each  side,  gave  very  good  read- 
ings and  a  good  temperature  integration  but  proved  too  fragile  to  withstand  tho  hard  usage 
received  in  changing  specimens. 

Finally  21  couples,  about  one-half  inch  apart,  were  incased  in  a  copper  tube  in  the  form 
of  a  spiral  coil  and  placed  in  the  inlet  and  outlet  water  pipes.  These  proved  very  successful 
in  every  respect. 
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They  measured  only  the  temperature  drop  in  the  water.  To  measure  the  ahsolute  tem- 
perature of  the  water,  an  extra  constantan  lead  from  the  first  junction  ran  to  a  cold  junction 
placed  in  an  oil  bath  outside  the  tank  (see  fig.  7).  The  temperature  of  this  bath  was  measured 
by  a  mercury  thermometer  graduated  to  0.1°  C,  which  had  been  calibrated  by  the  thermometer 
section  of  the  bureau. 

The  single  couple  just  referred  to  and  the  21  couples  in  series  were  calibrated  separately 
and  found  to  satisfy  the  following  equations  respectively: 

(5)  e  =  39.10«  +  .04«2 

(6)  e  =  39.97<  +  .0314<2 

e  is  here  expressed  in  microvolts  per  couple,  t  in  degrees  C. 

Method  of  observing. — The  machinery  was  first  set  in  motion  and  allowed  to  run  un  :il  the 
temperature  conditions  became  steady.  Two  observers  worked  simultaneously,  one  reading 
the  electrical  instruments  that  measured  the  temperatures,  the  other  reading  the  pressure 
gauges  and  the  hygrometer.  The  sample  observation  sheets,  figures  8  and  9,  give  such  a  set. 
The  time  of  each  observation  was  recorded  in  small  figures  above  it. 

After  complete  readings  had  been  taken  under  one  set  of  conditions,  one  of  then  was 
changed  and  another  set  of  readings  taken.  A  complete  set  of  observations  on  one  specimen 
included  sets  under  atmospheric  conditions  witli  constant  water  flow  and  varying  air  speeds; 
with  constant  water  and  air  flow,  but  varying  air  speeds  and  pressures;  with  different  constant 
air  speeds,  but  varying  water  flow.  A  special  set  was  taken  on  one  specimen  under  atmospheric 
conditions  with  constant  air  and  water  flow,  but  with  varying  inlet  water  temperatures. 

Method  of  computing  results. — The  given  data,  figure  10,  sufficed  to  determine: 

(1)  Pressure  drop  in  the  air  through  the  radiator  lb.-wt./ft.2 

(2)  Rate  of  water  flow  in  gal./min./ft.  width  of  core  and  speed  in  ft./min. 

(3)  Rate  of  air  flow  in  lb. /sec/ft.2  frontal  core  area. 

(4)  Air  density  in  lb. /ft.3 

(5)  Heat  given  up  by  the  water  in  horsepower  per  100°  F.  difference  between  mean 

temperature  of  water  and  entrance  temperature  of  the  air  per  square  foot  frontal 
area  of  core. 

(6)  Heat  received  by  the  air  in  same  units. 
These  results  were  used  to  plot  the  following  curves: 
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The  computation  sheet  (fig.  10)  exhibits  the  details  of  the  computation.  The  explanation 
follows: 

Pressure  drop. — This  equals  a  conversion  factor  X  gauge  reading. 
Water  flow. — Let  77= Vejituri  reading 

W=  water  flow  in  gals./min./ft. 

V=  water  speed  in  ft./min. 

S  =  water  density  in  g./cc. 

A.=  water  tube  area  in  cm.2 
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then  the  Venturi  formula  gives — 

(7)  F=4.69  -y/BS 

(8)  V=  386.2 A  /  Pti 

V  a- 

where  4.69  is  a  factor  found  by  calibration,  Fis  a  factor  found  by  calibration  to  reduce  gauge 
readings  to  cm.  Hg.,  its  value  being  1.008.    386.2  is  a  computed  conversion  factor. 

All  the  gauges  had  temperature  coefficients,  but  these  gave  rise  to  negligible  corrections 
over  the  annual  temperature  range  of  the  room. 

Air  density. — Let  P  =  air  pressure  at  the  Pitot  in  mm.  Hg. 

£  =  air  temperature  at  the  Pitot  in  °C. 
dl  =  density  dry  air  at  the  Pitot  in  lbs./ft.3 
then  the  gas  laws  as  applied  to  air  gave 

(9)  #  =  -029P 
w  a  ~  t+273 

In  addition  let  d  =  true  density  of  air  in  lb. /ft.3  and  d  =  dl  +  C. 
It  follows  from  the  laws  for  mixtures  of  gases  and  vapors  that 

(10)  c-R(st-'™%) 

Wherein  R  =  relative  humidity. 

iS2  =  density  of  saturated  water  vapor  at  <°C  in  lb./ft.3 
and  e2  =  pressure  of  saturated  water  vapor  at  t°C  in  mm.  Hg. 

R  was  found  from  the  wet  and  dry  bulb  readings  by  means  of  an  ordinary  chart  for  the 
purpose.  In  the  case  of  the  reduced  pressure  runs,  the  value  found  thus  required  a  correction 
r  derived  from  the  formula  of  W.  H.  Carrier  (A.  S.  M.  E.  Trans.,  1911,  pp.  1005  et  seq). 

(11)  r=(76-P)2" 

K    '  (2803-1.330^ 

if  t  and  i1  are  dry  and  wet  bulb  temperatures,  respectively,  in  °F.    (This  is  the  T  appearing 
in  the  sixth  line  of  the  computation  sheet.) 
Air  flow. — Let  lf=  Air  flow  in  lb./sec./ft.2 

h  =  reading  on  the  Pitot  gauge 
A  =  Pitot  constant 

Fj  =  factor  to  convert  the  reading  to  g./cm.2 
then  the  Pitot  formula  gives, 

(13)  M=  A V/(d  where  A=  11.49 V^.    1 1 .49  is  a  conversion  factor. 

Heat  received  by  the  air. — Let 

(jfl)  =  slope  of  e-t  curve  at  mean  temp,  of  air  in  radiator. 

and  Z>e  =  E.  M.  F.  between  air  inlet  and  outlet  couples  in  millivolts. 
Q0  =  heat  received  by  the  air  in  H.  P./ft.2/100°  F. 
Dt  =  temper  a  turo  rise  in  the  air  in  °C. 
O  =  specific  heat  of  the  air  at  constant  pressure. 

(13a)  then  Dt  =  (de\  because  (4)  is  a  parabolic  equation. 


236 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


From  the  definition  of  Qa  it  follows  that 
(14)  Qa  =  UlA  Cp  .  M  .  Dt 


tw-t 

Wherein  tw  =  mean  temperature  of  water  in  °C.  and  141.4  is  a  conversion  factor. 
Cp  =  0.246  according  to  W.  C.  Rowse  (A.  S.  M.  E.  1913),  for  40°  C.  and  40  per  cent  humidity. 
Heat  lost  by  the  water. — Let 

e0  =  the  E.  M.  F.  between  0°  C.  and  the  temp,  of  the  oil  bath  (microvolts/couple) 
De  =  the  E.  M.  F.  between  oil  bath  temp,  and  that  of  inlet  water. 
2?ew  =  the  E.  M.  F.  between  water  temp,  at  inlet  and  at  outlet. 
ew  =  the  E.  M.  F.  between  0°  C.  and  mean  temp,  of  water. 
Qw  =  the  heat  lost  by  the  water  in  H.  P./ft.2/100°  F. 
If  now  in  place  of  the  E.  M.  F.  corresponding  to  the  mean  water  temperature  is  put  the 
average  E.  M.  F.  of  the  couples  in  the  water  stream  at  the  entrance  and  exit  of  the  specimen 
there  results 

(15)  ew  =  e0+De-?lw 

The  error  due  to  this  substitution  never  exceeds  0.09°  C.  and  was  usually  about  0.001°  C. 
tw  was  found  by  equation  (5) 

For  this  case  there  are  two  equations  similar  to  (13a)  and  (14)  for  air.  If  for  M  in  (14)  is 
put  its  value  as  given  by  the  Venturi  equation  (7),  and  for  Dt  its  value  as  given  by  (13a),  the 
result  is: 

(16,  L^'lf 


and 


Where  7T=  K1  +DK 

.701  X  196.21  C^IS,, 


J? 


and  DK= 


.0427Dew-yl  F 


.701  converts  g.  cal./sec./deg.  C/8-inch  sq.  frontal  area  to  H.  P./ft.2/100°  F. 

196.21  converts  cm./Hg  on  the  Venturi  to  cc./sec. 

Cw  =  Specific  heat  of  water  at  tw°  C. 

Sa  =  density  of  water  at  tw°  C. 

n  =  number  of  thermocouples  (here  21). 

DK  is  a  small  correction  less  than  0.5  per  cent  of  K,  which  allowed  for  the  fact  that  the 
Venturi  was  at  the  water  outlet  and  hence  8  was  greater  than  Sm  by  an  amount  proportional 
to  Dt,  the  temperature  drop  in  the  water.  In  practice  K1  was  tabulated  as  a  function  of  t„ 
and  abbreviated  the  computation. 

APPARATUS  IN  THE  STEAM  TUNNEL. 

The  steam  tunnel  was  open  and  not  inclosed  like  the  one  just  considered.  A  sketch  of  it 
is  shown  in  figure  11.  Air  was  pushed  through  the  tunnel  by  a  36-inch  Sturtevant  Blower 
driven  by  a  220-volt  direct  current  shunt  motor  rated  at  10  horsepower.  Adjustable  rheostats 
in  both  field  and  armature  gave  a  range  of  speeds  from  30  to  100  miles  per  hour  when  the  channel 
was  unobstructed.  By  blocking  up  the  air  intake  the  speed  was  further  reduced  to  10  miles 
per  hour.    A  mercury  thermometer  inserted  through  the  tunnel  wall  measured  the  air  tern 
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peratures  to  0.°5  C.  A  Pitot  grid  and  two  piezometer  rings  were  installed  just  as  in  the  inclosed 
tunnel.    In  addition  two  other  rings  7  inches  from  the  radiator  faces  were  used. 

The  barometer  was  in  the  room,  so  that  observations  had  to  be  made  on  the  pressure 
difference  between  the  air  in  the  tunnel  and  in  the  room.  This  was  accomplished  by  opening 
the  low-pressure  side  of  the  pressure  drop  gauge  to  the  air  in  the  room. 

A  recording  hygrometer  registered  the  humidity  with  sufficient  accuracy. 

The  heat  dissipated  by  the  radiator  was  supplied  by  the  condensation  of  dry  steam. 
Figure  12  gives  a  sketch  of  the  apparatus  used  to  control  and  measure  the  steam  flow.  Steam 
from  the  high-pressure  mains  (100  lbs. /in.2  was  passed  through  a  valve  where  its  pressure  was 
reduced  to  about  10  lbs. /in.2.  A  V-shaped  pipe  with  an  opening  at  the  bottom  drained  out  most 
of  the  water.  The  steam  passed  on  through  a  coil  where  it  was  superheated  about  50°  C, 
through  a  plug  cock  where  its  pressure  fell  to  atmospheric,  through  a  separator  where  a  mer- 
cury thermometer  recorded  its  temperature,  through  the  radiator  specimen  where  most  of  it 
condensed  and  through  another  separator  out  of  which  the  water  dropped  into  a  weighing  tank. 

Originally  a  thermometer  was  inserted  in  the  lower  water  box  of  the  specimen,  but  the 
water  temperature  was  found  to  differ  so  slightly  from  the  temperature  of  condensation  that 
the  heat  lost  by  the  water  in  cooling  could  be  safely  neglected.  A  fan  blew  the  steam  away 
from  the  tunnel.  The  steam  line  was  insulated  in  the  same  manner  as  the  water  line  in  the 
other  tunnel.  The  radiator  specimen  was  insulated  on  the  sides  with  cork  board  one-half  inch 
thick.  The  water  boxes  were  not  so  well  protected,  but  on  account  of  the  small  surface  exposed 
and  the  comparatively  quiet  air  in  contact  with  them,  the  heat  lost  thus  could  not  have  been 
more  than  a  few  tenths  of  a  per  cent  at  moderate  speeds.  In  fact,  in  some  of  the  early  experi- 
ments, the  steam  condensed  when  the  channel  was  blocked  so  no  air  flow  existed  was  measured 
and  found  to  be  less  than  1  per  cent  of  the  total. 

Method  of  observing. — The  exhaust  valves  in  the  steam  line  were  opened,  the  water  drained 
off  and  the  blower  started.  When  the  water  was  out  of  the  line  and  the  steam  flowing  well, 
the  gas  heater  was  lighted,  and  the  blower  adjusted  to  give  the  desired  speed.  After  steady 
conditions  of  steam  flow  and  temperature  had  been  attained,  one  observer  set  the  balance 
slightly  ahead  of  the  actual  weight  and  started  a  stop-watch  when  the  pointer  crossed  the 
zero  line.  The  balance  was  set  ahead  of  the  weight  (from  1  to  10  pounds,  according  to  the  prob- 
able rate  of  condensation),  and  one  observer  from  then  on  recorded  steam  temperatures.  At 
the  same  time  the  other  observer  read  the  gauges  and  the  air  temperature.  A  set  of  readings 
was  taken  at  regular  intervals  (everyone  or  two  minutes,  according  to  the  duration  of  the  run). 
About  a  minute  before  the  assigned  weight  was  reached,  a  bell  warned  the  observers,  who 
prepared  to  observe  the  time  when  the  pointer  crossed  the  line  again.  At  each  speed  two  or 
three  runs  were  taken  as  a  check.  The  time  interval  employed  was  from  three  to  six  minutes, 
and  could  easily  be  measured  to  1  second.  The  balance  weighed  correctly  to  0.01  pound.  An 
observation  sheet  (fig.  13)  is  reproduced. 

Method  of  computing  results. — As  in  the  case  of  the  inclosed  tunnel  the  observed  data 
sufficed  to  determine — 

(1)  Pressure  drop  in  the  air  through  the  radiator. 

(2)  Rate  of  air  flow. 

(3)  Heat  given  up  by  the  steam. 

Pressure  drop. — This  result  was  computed  as  in  the  other  tunnel  with  one  addition. 
Because  the  piezometer  rings  were  7  inches  from  the  radiator,  (1)  was  corrected  by  subtracting 
from  it  the  pressure  drop  in  14  inches  of  unobstructed  channel. 

Air  flow. — The  computation  was  the  same  as  before. 
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mHeat  given  vp  by  the  steam. — Let — 

Tb  =  condensation  temperature  of  the  steam  in  °  C. 
S  =  superheat  in  °  C. 
L  =  latent  heat  in  B.  T.  U.  /  pound. 
Cp  =  specific  heat  of  the  steam. 
//  =heat  lost  hy  1  pound  of  steam  in  B.  T.  U. 
T  =mean  temperature  of  the  radiator  contents. 
If  the  arithmetic  mean  temperature  of  the  superheated  steam  and  the  condensation  tem- 
perature are  weighted  according  to  the  amount  of  heat  lost  at  each  temperature, 


(17)  ffjvfrj+f)  O^S+LTt 


and 


08)  r=r6+(^) 


S2  Since  H  =  L+CPS 


The  second  term  of  (18)  is  small  and  is  a  function  of  the  superheat  only  (assuming  Cp  to 
be  sensibly  constant)  so  a  table  of  values  for  it  was  prepared  from  steam  table  data. 

//  is  likewise  a  function  of  the  superheat  only  and  was  tabulated  in  the  same  way  (Good- 
enough's  Steam  and  Ammonia  Tables  1915). 

If  t, = number  of  seconds  required  to  condense  w  pounds  of  steam 
and     Q  =  heat  lost  in  H.  P.  /  ft.J/100°  F. 

and     ^4  =  176.7  w,  176.7  being  a  conversion  factor,  then  by  definition  of  Q 

™  <2=  Jr-t) 


A  computation  sheet,  (fig.  14)  is  reproduced. 


(3)  POWER  EXPENDED  IN  CARRYING  THE  RADIATOR. 

The  measurements  needed  to  determine  this  quantity  were  made  in  a  tunnel  whose  cross 
section  was  large  compared  with  the  dimensions  of  the  radiator  tested,  in  contradistinction  to 
the  heat  measurements,  which  were  all  made  in  bulkhead  tunnels.  Figure  15  shows  a  sketch 
of  this  large  tunnel. 

It  was  of  octagonal  section,  54  inches  in  inside  diameter.  The  entering  air  passed  through 
a  honeycomb  of  sheet  metal  cells,  3  inches  in  diameter  and  12  inches  deep,  through  a  straight 
section  of  25  feet  long,  and  out  through  a  conical  did'user.  A  four-blade  propeller  fan  driven 
by  a  75-horsepower  direct-current  motor  drew  air  through  the  tunnel.  A  continuous  speed 
range  from  15  to  90  miles  per  hour  could  be  obtained  by  adjustments  provided  by  rheostats  in 
both  field  and  armature  and  two  voltages,  110  and  240.  A  Pitot  tube  read  on  an  inclined  water 
gauge  measured  the  air  speed  to  1  per  cent. 

The  head  resistance  was  measured  directly  on  a  balance,  figure  16.  This  was  mounted  a  little 
below  the  floor  of  the  tunnel,  and  consisted  essentially  of  a  bell  crank  suspended  by  thin  flexible 
steel  strips,  with  a  horizontal  arm  on  which  weights  could  be  hung  below  the  tunnel,  and  a 
vertical  arm  passing  up  through  the  tunnel  floor  to  support  the  specimen.  A  second  vertical  arm 
extended  below  the  fulcrum  and  carried  counterpoises  for  lowering  the  center  of  gravity,  and  a 
second  short  horizontal  arm  with  adjustable  counterpoises  provided  a  zero  adjustment.  The 
joint  at  the  tunnel  lloor  was  rendered  air-tight  by  an  oil  trap.  The  vertical  arm  that  supported 
the  specimen  was  extensible,  and  was  fitted  at  the  top  with  a  detachable  brass  block.  This  was 
screwed  to  a  plate  J  inch  or  less  in  thickness,  soldered  to  the  lower  side  of  the  specimen  under  test. 
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CALIBRATION*  OF  APPARATUS. 

The  tunnel  cross  section  was  explored  with  a  movable  Pitot  and  found  to  be  uniform  within 
1  per  cent  at  all  points  more  than  8  inches  from  the  wall.  Silk  threads  strung  from  a  fine  vertical 
wire  showed  that  there  were  considerable  disturbances  in  the  air  stream  in  the  neighborhood  of 
the  specimen,  but  no  appreciable  ones  within  8  inches  of  the  tunnel  wall.  This  was  taken  to 
indicate  that  the  tunnel  was  large  enough  to  give  free  air  conditions. 

The  balance  was  calibrated  by  applying  known  horizontal  forces  to  the  vertical  arm  and 
observing  the  balancing  forces  on  the  horizontal  arm.  This  gave  the  correct  factor  by  which 
to  multiply  the  balance  reading,  for  different  lengths  of  the  vertical  arm,  to  obtain  the  true  foice. 
Ordinarily  a  length  was  chosen  which  made  this  factor  unity,  so  that  the  force  was  read  direclly. 

Method  of  observing. — The  radiator  specimen  (without  water  boxes)  was  mounted  on  ,he 
vertical  arm  and  the  distance  from  its  center  to  the  fulcrum  adjusted  to  the  desired  value.  To 
find  the  position  of  no  yaw,  a  specimen  was  set  at  various  angles,  the  position  of  minimum  he  ad 
resistance  assumed  to  represent  zero  yaw,  and  a  reference  point  marked  on  the  tunnel  wall  by 
sighting  across  the  front  of  the  radiator.  The  same  result  could  be  obtained  by  sighting  throi  gh 
the  radiator  tubes  at  the  honeycomb  at  the  tunnel  entrance.  In  other  cases,  the  angle  of  yaw 
was  measured  roughly  by  sighting  across  the  front  of  the  section  at  a  scale  mounted  on  he 
tunnel  wall.  Because  of  fluctuations  in  the  air  speed,  two  observers  took  simultaneous  read- 
ings on  the  bajance  and  Pitots,  since  there  was  no  sensible  lag  between  the  two  instruments 
Nine  points  were  usually  observed. 

Method  of  computing. — The  apparent  head  resistance  was  obtained  by  multiplying  ,he 
readings  by  the  proper  factor.  By  subtracting  from  this  the  force  on  the  supporting  arm 
(determined  by  a  previous  calibration)  the  force  on  the  specimen  was  found.  This  divided  by 
the  frontal  area  gave  the  head  resistance,  in  lb.  wt.  /  ft.2.  Assuming  a  lift-drift  ratio  of  IA. 
the  horsepower  used  was, 

M**$)*        ■  " 

Wherein  R  =  resistance  in  lb.  wt./ft.2. 

W  =  core  weight  in  lb./f t.2  front. 
V  =  air  speed  in  mis./hr. 

~rr  =  a  conversion  factor. 
37o 

The  speed  was  computed  from  the  ordinary  Pitot  formula: 

(20)  F=KVd 

Wherein  K=  a  conversion  factor. 

h  =  gauge  reading. 

d  =  a\r  density  in  lb. /ft.3 

At  first  the  temperature,  pressure,  and  humidity  of  the  air  were  observed,  and  the  actual 
air  density  and  speed  computed.  The  experiments,  however,  soon  showed  that  the  usual 
formula  for  the  resistance  of  an  airplane,  i.  e., 

(21)  R  =  BdV  (B  =  &  constant) 

also  applied  to  these  tests. 

Accordingly  a  value  of  d  in  the  neighborhood  of  the  observed  values  was  selected  and  used 
in  (20)  to  compute  V.  Thus,  neither  the  actual  speed  nor  density  were  used,  but  such  a  value 
of  V  as  gave,  when  combined  with  d,  (the  standard  density)  the  observed  head  resistance;  for 
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Let  da  =  actual  density  and  substitute  for  Fin  (21)  its  value  given  by  (20).    Tbis  gives 

(22)  R  =  Bk2Ma^B¥Ms 

da  .  ~  d, 

It  is  easily  shown  by  dimensional  considerations  that  if  the  exponent  of  the  velocity  is 
different  from  2,  say  n,  then  the  velocity  required  with  ds  to  give  R  will  be 

2-n 

(jfY*  V,  instead  of  V,(v,~ 

If,  then,  n  were  as  low  as  1.8  and  djda  =  1.056  (the  greatest  difference  from  unity  that  occurred) 
this  factor  would  be  1.003,  a  negligible  difference  from  unity.  d„  was  taken  as  0.0750  lbs./ft. 
corresponding  to  65°  F.,  29.17  in  Hg,  40  per  cent  humidity. 

(4)  MASS  FLOW  OF  AIR  THROUGH  THE  CORE. 

PRELIMINARY  ATTEMPTS. 

Three  different  methods  were  tried  for  measuring  the  mass  flow  of  air  through  the  core 
before  a  satisfactory  one  was  found. 

(1)  A  careful  and  persistent  attempt  was  made  to  measure  the  flow  with  a  small  Pitot 
tube  behind  the  core,  and  in  positions  ranging  from  well  within  the  cell  to  a  few  inches  behind 
the  core,  but  it  appeared  to  be  out  of  the  question  to  use  a  Pitot  tube  in  the  turbulent  air 
encountered. 

(2)  Threads  were  attached  to  the  rear  edges  of  the  radiator  to  define  the  stream,  in  the 
hope  that  the  air  passing  through  the  core  could  be  followed  to  a  position  where  the  flow  would 
not  be  too  turbulent  for  the  use  of  a  Pitot  tube,  and  that  in  such  a  position  it  would  be  possible 
to  measure  the  velocity,  and  the  area  of  cross  section  of  the  air  that  had  passed  through  the 
core.  But  it  was  found  that,  even  aside  from  the  difficulty  introduced  by  the  tendency  of  the 
pull  on  the  threads  to  straighten  them,  so  that  they  would  not  truly  follow  the  streamline,  the 
flapping  of  the  threads  was  too  great,  and  consequently  their  position  too  indefinite  to  allow 
of  measurement  of  the  area  included  between  them. 

(3)  A  hot-wire  anemometer  was  tried,  and  gave  promise  of  very  fair  results,  but  before 
it  had  been  thoroughly  tried  out,  a  simpler  method  was  discovered  and  the  use  of  the  instru- 
ment was  discontinued. 

APPARATUS  USED. 

The  method  finally  adopted  employed  a  specially  constructed  Venturi,  a  longitudina 
section  of  which  is  shown  in  figure  17.  The  cylindrical  throat  and  the  two  cones  were  made 
up  from  sheet  copper  soldered  together,  and  the  joints  filed  down  into  curves  of  stream-line 
form.  A  copper  tube  led  out  from  a  single  small  needle  hole  in  the  side  of  the  throat.  A 
piece  of  sheet  iron  bent  into  c}7lindrical  form  was  soldered  over  the  cones  extending  from  If 
inches  before  the  front  cone  nearly  to  the  rear  end  and  covering  the  central  contracted  portion, 
which  would  else  cause  considerable  resistance  to  the  air  stream.  A  second  needle  hole  before 
the  front  cone  was  connected  to  a  small  tube  which  ran  back  along  the  outer  surface,  and  turned 
up  where  it  reached  the  tube  coming  from  the  throat.  An  inclined  water  gauge  measured 
the  pressure  difference.  Three  wires  soldered  to  the  sides  of  the  Venturi  passed  through  the 
cells  of  the  radiator,  and  were  bent  over  in  front  so  as  to  fasten  the  Venturi  firmly  in  place 
behind  the  radiator. 
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CALIBRATION  OF  THE  VENTURI. 

Tests  in  the  inclosed  tunnel  with  eight  different  sections  of  widely  differing  types  of  core 
gave  nearly  the  same  pressure  difference  for  same  air  flow  through  the  tunnel  and  this  was  vory 
close  to  that  given  when  no  radiator  at  all  was  used.  For  ordinary  types  of  core  this  was  t:iie 
within  about  3  per  cent  and  with  cores  in  which  the  air  flow  was  very  much  obstructed  wit'iin 
6  per  cent.  No  high  degree  of  accuracy  is  claimed  for  this,  but  it  was  very  convenient  end 
sufficient  for  the  purpose. 

A  calibration  curve  was  obtained  by  running  the  Venturi  in  the  open  in  the  large  w  nd 
tuimel  against  the  Pitot  tube  of  the  tunnel.  The  square  root  of  the  Venturi  pressure  differ- 
ence (in  gms./cm2)  was  plotted  against  the  mass  flow  as  computed  from  the  tunnel  Pitot.  This 
is  the  product  of  the  airspeed  in  feet  sec.  by  ds  (.0750  lb./ft.3).  The  resulting  curve  was  V5ry 
flat,  almost  linear.  Six  calibrations  at  different  times  during  a  period  of  six  months  gave 
dentical  curves. 

Note. — This  calibration  was  in  terms  of  mass  flow  in  pounds  per  second  per  square  f  x)t 
of  Venturi  mouth,  and  hence  mass  flow  through  radiators  is  per  square  foot  frontal-core  aiea, 
and  not  of  air-tube  area. 

Method  of  observing. — The  specimen  under  observation  was  mounted  in  the  54-inch  w  nd 
tunnel  in  the  same  manner  as  for  head  resistance  measurements,  the  Venturi  was  attached 
to  the  rear  face,  its  pressure  tubes  connected  to  an  inclined  water  gauge  by  means  of  tubes 
passing  through  a  hole  in  the  tunnel  floor,  and  simultaneous  readings  taken  of  its  pressure 
difference  and  the  air  speed  in  the  tunnel.  These  readings  were  taken  at  from  9  to  15  different 
speeds  for  each  radiator. 

Method  of  computing. — The  Venturi  gauge  reading  was  multiplied  by  the  gauge  factor  to 
obtain  grams  per  cm2.  The  square  root  of  this  was  computed  and  used  as  argument  to  deter- 
mine the  mass  flow  from  the  calibration  curve.  The  mass  flow  was  then  plotted  against  V, 
for  each  radiator. 

As  in  the  case  of  the  head  resistance,  the  actual  air  density  was  not  needed.  The  reason 
for  this  is  slightly  different  however.  The  Venturi  really  measures  velocity,  just  as  the  Pitot, 
so  that  relation  between  its  readings  and  those  of  the  Pitot  tubes  furnish  a  measure  of  the 
ratio  of  the  amount  of  air  going  through  the  radiator  to  the  amount  that  would  pass  through 
that  section  if  the  radiator,  were  absent.  It  seems  permissible  to  assume  that  this  ratio  is 
independent  of  the  air  density,  because  the  viscosity  is  known  to  be  independent  of  the  dens:  ty, 
and  its  effect  in  this  case  is  not  large  anyway. 
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PART  L 


HEAD  RESISTANCE  OF  RADIATOR  CORES.1 

By  R.  V.  Kleinschmidt  and  S.  R.  Parsons. 

RESUME. 

The  present  report  deals  with  the  head  resistance  of  a  number  of  common  types  of  radiator 
cores  at  different  speeds  in  free  air,  as  measured  in  the  wind  tunnel  at  the  Bureau  of  Standards. 
This  work  was  undertaken  in  connection  with  exhaustive  tests  conducted  at  the  bureau  to 
determine  the  characteristics  of  various  types  of  radiator  cores,  and  in  particular  to  develop 
the  best  type  of  radiator  for  airplanes. 

Some  25  specimens  of  core  were  tested,  including  practically  all  the  general  types  now  is 
use,  except  the  flat  plate  type,  and  the  following  is  a  summary  of  the  most  important  results 
obtained: 

1.  The  head  resistance  of  various  types  of  core  varies  greatly.  The  lowest  is  Candler 
|-inch  hexagonal  tube  (No.  78),  8  pounds  per  square  foot  at  90  miles  per  hour,  while  the  highest 
is  the  fin  and  tube  type  (No.  92),  22  pounds  per  square  foot  at  90  miles  per  hour. 

2.  The  shape  and  size  factors  are  insignificant  for  the  range  covered  (8  by  8  inches  to  16 
by  16  inches  and  12  by  24  inches),  there  being  no  perceptible  variation  in  the  resistance  pei 
square  foot. 

3.  The  effect  of  inclining  the  surface  of  the  radiator  to  the  air  stream  (yawing)  is,  in  general, 
to  increase  the  resistance  considerably  for  angles  up  to  at  least  30°  to  45°.  Cores  of  special 
construction  vary  greathy  in  this  characteristic. 

4.  The  horsepower  absorbed  by  the  radiator  in  being  lifted  and  pushed  through  the  air  is 
high,  being,  at  100  miles  per  hour,  roughly  5  per  cent  to  20  per  cent  or  more  of  the  total  power 
developed  by  the  engine.  It  thus  appears  that  a  small  gain  in  radiator  performance  may  be 
very  appreciable  at  high  speeds. 

5.  The  importance  of  head  resistance  in  determining  the  value  of  a  radiator  core  depends 
greatly  on  its  position  in  the  machine. 

6.  The  work  here  presented  may  prove  of  value  in  determining  the  effect  of  the  radiator  on 
the  aerodynamical  properties  of  the  machine  in  which  it  is  placed. 

DESCRIPTION  OF  APPARATUS. 

The  wind  tunnel  in  which  this  work  was  done  is  of  octagonal  section,  54  inches  in  inside 
diameter.  The  entering  air  passes  through  a  honeycomb  of  sheet-metal  cells  of  about  3  inches 
diameter  and  1  foot  depth,  then  through  a  straight  section  about  25  feet  long,  and  out  through 
a  conical  diffuser,  at  the  end  of  which  is  a  four-blade  propeller  fan  driven  by  a  75-horsepower 
direct  current  motor,  which  draws  air  through  the  tunnel.  The  motor  may  be  driven  on  either 
120  or  240  volts,  and  further  speed  control  is  obtained  by  means  of  a  field  rheostat,  giving  ranges 
of  air  speeds  from  32  to  53  miles  per  hour  on  120  volts  and  from  66  to  about  90  miles  per  hour 
on  240  volts.  The  air  speed  is  measured  by  a  Pitot  tube,  whose  pressure  is  read  on  an  inclined 
water  gauge.  Both  the  Pitot  tube  and  the  gauge  have  been  calibrated  with  some  care,  and 
the  measurements  of  air  speed  are  good  within  1  per  cent. 


1  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  ol  Standards  Aeronautic  Power  Plants  Report  No.  6. 
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DESCRIPTION  OF  THE  BALANCE. 

The  balance  on  which  the  head  resistance  was  obtained  is  designed  to  measure  both  ver- 
tical and  horizontal  forces,  but  since  the  present  work  is  concerned  only  with  the  horizontal, 
we  shall  describe  only  the  parts  used,  i.  e.,  the  "drift  arm."  The  balance  is  mounted  alhtle 
below  the  floor  of  the  tunnel  and  consists  essentially  of  a  bell  crank  suspended  by  thin  flexible 
steel  strips,  with  one  arm  horizontal,  on  which  weights  may  be  hung  below  the  tunnel,  and 
one  vertical  arm  passing  up  through  the  tunnel  floor,  supporting  the  specimen.  A  second  ver- 
tical arm  extends  below  the  fulcrum,  carrying  counterpoises  for  lowering  the  center  of  grav  ty; 
a  second  short  horizontal  arm  with  an  adjustable  counterpoise  provides  for  zero  adjustment; 
and  an  oil  trap  makes  an  air-tight  joint  at  the  floor  of  the  tunnel.  The  vertical  arm  support- 
ing the  specimen  is  extensible  and  is  fitted  at  the  top  with  a  detachable  brass  block,  which  is 
screwed  to  a  plate  £  inch  or  less  in  thickness  soldered  to  the  lower  side  of  the  radiator  section. 

It  will  be  evident  that  the  balance  measures — on  the  horizontal  arm — the  moment  of  the 
head  resistance,  but  if  the  distances  are  known  from  the  fulcrum  to  the  center  of  pressure  on 
the  radiator,  and  to  the  point  of  application  of  the  weights  on  the  horizontal  arm,  the  actual 
force  is  easily  obtained.  It  is  not  convenient  to  measure  these  distances  with  accuracy,  but 
their  ratio  was  determined  by  means  of  a  calibration  of  the  balance.  This  calibration  was 
made  by  applying  known  horizontal  forces  to  the  vertical  arm  and  observing  the  balan(  ing 
forces  on  the  horizontal  arm,  readings  being  taken  with  the  vertical  arm  extended  to  three 
different  lengths. 

PRELIMINARY  INVESTIGATIONS. 

A  preliminary  investigation,  with  a  radiator  first  in  one  position  and  then  inverted,  showed 
that  we  may  assume  the  center  of  pz-essure  on  the  section  to  be  at  its  geometrical  center.  A 
similar  test  showed  the  resistance  of  several  cores  to  be  the  same  whichever  face  was  preser  ted 
to  the  wind.  An  exploration  of  the  cross  section  of  the  tunnel  with  a  second  Pitot  tube  sho  ved 
that  to  within  6  or  8  inches  of  the  wall  the  velocity  distribution  is  uniform  to  about  1  per  cmt. 
To  test  whether  the  conditions  truly  represent  a  velocity  in  free  air,  silk  threads  were  attached 
to  a  fine  vertical  wire  strung  about  6  inches  in  front  of  a  large-sized  specimen  of  high  head 
resistance  (Spirex,  16  by  16  inches).  The  threads  showed  a  considerable  curvature  of  the 
streamlines  around  and  close  to  the  section,  but  no  appreciable  curvature  within  8  inches  of  the 
tunnel  wall.  This  condition  was  taken  to  indicate  that  the  effect  of  the  radiator  was  confined 
well  within  the  cross  section  of  the  tunnel. 

METHOD  OF  TAKING  OBSERVATIONS. 

The  method  of  taking  readings  is  as  follows:  The  radiator  (bare  core,  without  water  boxes) 
is  mounted  on  the  vertical  arm  of  the  balance  and  the  distance  measured  from  its  center  to  a 
fixed  point  on  the  arm.  The  distance  from  this  point  to  the  fulcrum  was  determined  by  the 
calibration  mentioned  above.  To  determine  the  position  of  no  yaw,  a  specimen  was  set  at 
various  angles,  the  position  of  minimum  head  resistance  assumed  to  represent  zero  yaw,  and  a 
reference  point  marked  on  the  tunnel  wall  by  sighting  across  the  front  of  the  section.  It  was 
found  that  the  alignment  could  be  obtained  equally  well  by  sighting  through  the  tubes  of  the 
radiator  at  the  honeycomb  at  the  tunnel  entrance.  For  yawed  runs,  the  angle  of  yaw  was  meas- 
ured roughly  by  sighting  across  the  front  of  the  section  at  a  scale  mounted  on  the  tunnel  wall. 
The  air  speed  is  quite  sensitive  to  changes  in  voltage  on  the  power  line,  and  because  of  fluctua- 
tions it  was  necessary  for  two  observers  to  take  simultaneous  readings  on  the  balance  and  the 
Pitot  tube  gauge.  There  is,  however,  practically  no  lag  between  the  two  instruments,  and  rery 
satisfactory  readings  can  be  obtained.  Tn  most  cases  observations  were  made  at  nine  different 
speeds. 

METHOD  OF  COMPUTATION. 

The  computation  of  results  is  simple.  The  head  resistance  is  obtained  by  subtracting  a 
correction  for  the  supporting  arm,  which  was  determined  by  a  "blank"  run  without  a  radiator, 
from  the  weights  hung  on  the  horizontal  arm  of  the  balance  (including  equivalent  weight  o:"  the 
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rider)  and  multiplying  by  the  proper  factor  to  give  the  force  on  the  vertical  arm.  All  results 
are  reduced  to  a  frontal  area  of  1  square  foot.  Horsepower  absorbed  in  sustaining  the  weight 
and  pushing  it  through  the  air  is  given  by  the  equation 


(l) 


where  //.  P.  =  horsepower  absorbed  per  sq.  ft. 
22— head  resistance  in  lb./sq.  ft.; 
w  =  weight  of  empty  core,  in  lb./sq.  ft. 
F=free  air  speed,  in  mi./hr. 

c  =  a  constant  representing  conversion  factor  =  1/375. 
For  further  computation,  let 

h  =  reading  of  Pitot  tube  gauge, 
r —air  density,  in  Ib./cu.  ft. 

subscripts  "a"  and  "s"  denote  actual  and  "standard"  or  reduced  values,  respec- 
tively, and 
k,  K=  constants. 
The  air  speed  is  given  by  the  equation 

V=Tc^hjr-  (2) 

In  accordance  with  aerodynamic  practice,  and  with  the  results  of  observations  on  pressure 
drop  through  radiator  sections  in  a  closed  tunnel,  head  resistance  has  been  assumed  to  be  pro- 
portional to  air  density,  and  all  results  have  been  reduced  to  an  assumed  density  of  0.0750 
pounds  per  cubic  foot  (corresponding  to  a  temperature  of  65°  F.,  pressure  of  29.7  in.  mercury, 
and  humidity  of  40  per  cent). 

The  correction  for  density  may  be  made  by  the  equation 


It  is  less  laborious,  however,  to  apply  the  correction  for  density  in  the  computation  of  air  speed 
in  the  following  manner.  Head  resistance  has  been  shown  to  be  very  nearly  proportional  to 
the  square  of  the  air  speed,  as  well  as  to  the  first  power  of  the  density,  and  may  be  expressed 
by  the  equation 

R=KrV\  (4) 

Resistance  at  "standard"  air  density  will  be 

R,=  Kr,V\  (5) 

which  is  the  relation  shown  in  the  curves.  The  product  (  A>,  may  he  regarded  as  a  single 
proportionality  factor,  and  the  same  value  of  this  factor  would  be  obtained  (and  the  same 

curve  plotted),  if  instead  of  multiplying  Ra  by  —  to  obtain  Rs,  the  value  Ra  should  he  suhsti- 


v 

stutcd  for  Rs  in  equation  (5),  and  P  should  be  divided  by  -*■  In  other  words,  by  substitution 


r„ 


from  equation  (3),  equation  (5)  may  be  written 

fl0(^)=Zr,P,  (6) 

which  is  identical  with  the  equation 

#a=A>sP(£).  (7) 

Prom  equation  (2), 


and 


(8) 


153215— S.  Doc.  16C,  CG-'j;  17 
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which  is  the  square  of  the  speed  as  it  would  have  been  computed  if  "standard"  density  had 
been  used.    Equation  (9)  shows  that  if  the  correction  for  density  is  to  be  made  by  dividing 

V2  by  — * — or  multiplying  by  — — the  desired  result  may  be  obtained  by  the  mere  substitution 

of  the  '•  standard"  density  for  the  actual  value  in  equation  (2),  when  computing  the  air  speed. 

DESCRIPTION  OF  THE  TABLES  AND  CURVES. 

Tho  sections  tested  comprise  a  number  of  different  types,  whose  characteristics  arc  given 
in  Table  1.  Two  curves  are  included  for  each  type  of  core,  showing  respectively  the  head 
resistance  in  pounds  per  square  foot  frontal  area,  and  the  horsepower  absorbed.  The  latter 
includes,  as  indicated  above,  both  that  used  in  pushing  the  radiator  through  the  air,  and  that 
required  with  a  lift-drift  ratio  of  5.4  to  sustain  the  weight  of  the  empty  core,  i.  e.,  not  including 
the  weight  of  water  contained  in  the  core.  Extrapolations  were  made  by  means  of  logarithmic 
plots,  and  the  extrapolated  parts  of  the  curves  are  indicated  by  dotted  lines. 

In  order  to  facilitate  comparison  between  the  types,  Table  2  is  given,  showing  head  resist- 
ance and  horsepower  at  speeds  of  30,  60,  90,  and  120  miles  per  hour-.  Jt  should  be  noted,  how- 
ever, that  all  values  at  120  miles  per  hour  and  some  at  90  miles  per  hour  are  given  by  extrapola- 
tion, and  that  the  values  of  "k"  are  only  roughly  approximate.  The  real  results  are  shown  by 
the  curves.  To  determine  "Jc,"  for  the  equation  R  =  kVi,  the  head  resistance  curve  was  plottjd 
logarithmically,  and  the  best  line  with  slope  2  drawn  through  the  points,  "k"  was  then  ce- 
termined  from  the  Y  intercept  of  this  line.  The  line  that  would  best  fit  the  points  had  a  slope 
somewhat  less  than  2,  and  the  line  drawn  with  the  slope  2  represents  an  average  position,  in 
most  cases  intersecting  the  correct  line  at  about  70  miles  per  hour.  All  extrapolations  were 
made  from  the  actual  line,  not  with  slope  2,  and  using  a  corresponding  value  of  "k,"  not  ttat 
shown  in  the  table. 

A  few  sections  merit  special  comment.  The  curves  of  the  Romc-Turney  ^-inch  square  cell 
(No.  81)  are  made  up  of  three  curves  from  three  sizes  of  the  section  cut  down  twice,  and  the 
Spirex  (No.  80,  82)  curves  are  made  up  from  two  different  specimens,  one  12  by  24  inches  and  the 
other  16  by  16  inches;  but  hi  each  case  the  discrepancies  between  the  different  curves  were 
within  the  limit  of  observational  error.  Two  sections  of  the  "  Staggard"  core,  one  6  by  6  inches, 
ancl  one  12  by  12  inches,  showed  a  marked  difference,  but  it  appeared  that  the  6-inch  section 
was  too  small,  and  the  correction  for  the  supporting  arm  too  large,  to  make  its  readings  reliable. 
It  is  accordingly  omitted  from  this  report.  On  sections  8  by  8  inches  up  to  16  by  16  inches  or 
larger,  no  results  have  been  obtained  that  seem  to  conflict  with  the  assumption  that,  within 
the  range  of  sizes  used,  the  head  resistance  is  strictly  proportional  to  the  area,  and  this  assump- 
tion has  been  used  for  all  of  these  sections. 

In  the  Livingston  "electrolytic"  section,  the  water  tubes  arc  hollow  flat  plates  with  perfora- 
tions, and  the  perforations  have  the  effect  of  whistles.  The  core  begins  to  whistle  at  a  spied 
of  about  35  miles  per  hour,  and  live  different  tones  were  noted,  which  merge  at  80  miles  per 
hour  into  an  ear-splitting  shriek.  As  might  be  expected,  the  head  resistance  curve  is  not  of  the 
form  R^kVn,  and  the  value  of  "k"  given  in  Table  2  represents  the  curve  only  very  roughly. 

EFFECT  OF  YAWING. 

A  considerable  number  of  the  specimens  were  tested  when  turned  at  several  angles  to  the 
air  stream.  The  results  obtained  on  four  specimens  have  been  plotted  against  the  angle  of 
the  yaw  (i.  e.,  angle  between  the  perpendicular  to  the  face  of  the  radiator  and  the  direction  of 
the  wind  stream),  for  various  air  speeds.  The  curves  for  Rome-Turney  (No.  81)  and  Spi  rks 
Withington  %-mch  elliptical  cell  (No.  73)  are  given  as  indicating  the  normal  behavior  of  a  plain 
cellular  radiator.  The  head  resistance  increases  rapidly  with  the  angle  up  to  at  least  30°.  The 
other  plots  are  for  special  types  which  show  the  variations  in  the  form  of  the  curves.  The 
Spirex  is  of  special  interest  in  that  it  shows  almost  no  change  in  head  resistance  (per  square 
foot  frontal  area  of  core)  with  changing  angles  up  to  nearly  30°.  These  curves  are  of  interest 
in  connection  with  the  possibility  of  controlling  the  amount  of  cooling  by  yawing  the  radiator. 
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APPLICATION  OF  THE  RESULTS. 

A  high  head  resistance  is  not  in  itself  a  detriment  to  a  radiator  if  properly  placed  in  the 
airplane.  The  effect  of  head  resistance  on  the  efficiency  of  a  radiator  in  various  positions  is 
somewhat  as  follows: 

1.  A  radiator  placed  in  the  open  air,  as  between  the  planes  or  beside  the  fusilage,  must 
be  of  low  head  resistance.  The  accompanying  horsepower  curves  indicate  the  enormous  con- 
sumption of  power  by  even  the  best  of  the  radiators  tested,  at  high  air  speeds.  It  can  safely 
be  said  that  none  of  the  radiators  tested  seem  well  suited  for  these  locations  if  the  airplane  is 
to  make  the  speeds  required  at  the  present  time.  iVnother  consideration  is  the  probably 
large  volume. 

2.  A  radiator  placed  in  the  nose  of  the  machine  is  subject  to  very  different  limitations.  In 
this  case  the  air  has  a  relatively  devious  path  to  follow  after  passing  through  the  core,  and  a 
high  head  resistance  in  the  radiator,  if  accompanied  by  a  high  rate  of  heat  transfer  for  a  small 
flow  of  air,  may  not  be  a  disadvantage.  The  real  limit  to  this  type  of  radiator  is  the  frontal 
area  which  may  be  occupied.    As  this  is  usually  small,  a  compact  type  of  core  is  of  advantage. 

3.  In  the  case  of  a  radiator  placed  in  the  wing  it  is  even  more  true  that  head  resistance  is 
of  little  detriment.  With  the  small  flow  of  air  possible  with  a  wing  radiator,  a  high  head  resist- 
ance may  simply  increase  the  lift  somewhat,  and  if  it  is  brought  about  by  using  small  air  cells 
and  turbulence  vanes,  it  will  mean  a  high  rate  of  heat  transfer  at  the  comparatively  low  air 
speeds  available. 

It  is  hoped  to  make  tests  on  some  flat  plate  water  tube  radiators  in  the  near  future.  These 
are  practically  the  only  type  not  well  represented  in  the  present  report. 

Table  I. — Characteristics  of  radiator  cores. 


No. 


72 


64 
75 

90 
91 
92 

96 
97 
99 
102 
100 
98 
101 
103 


Type  of  cell. 


Candler  Radiator  Co.,  Detroit,  Mich.: 

j-inch  hexagonal,  perforated,  ail  verticals  water  tubes  

|-inch  hexagonal,  perforated,  alternate  verticals  water  tube? 
g-inch  hexagonal,  not  perforated,  alternate  verticals  water 

tubes   

The  Harrison  Manufacturing Co.(Inc),  Lockport,  N.Y.: 

J-inch  circular,  plain  

 do  

j-inch  circular,  with  vanes  

Livingston  Radiator  &  Manufacturing  Co.,  Now  York 
City: 

Not  cellular,  "electrolytic"  perforated,  flat  tube  

-fVinch  square  

McCord  Manufacturing  Co.,  Detroit,  Mich.:  , 

T^iicti  hexagonal  

j-inch  square  

Not  cellular,  fin  and  tube  

The  Mayo  Radiator  Co.,  New  Haven,  Conn.: 

J-inch  square  

 do  

....do  

 do  

^-inch  square  

 do  

....do  

....do  

"SDirex,"  The  Modiue  Manufacturing  Co.,  Racine, 

Not  cellular,  spiral  air  path  

 do  

The  Sparks-Withington  Co.,  Jackson,  Mich.: 

|-inch  elliptical  

j-inch  circular  

Rome  Turncy  Radiator  Co.,  Rome,  N.  Y.: 
J-inch  square  

"Staggard,"  Western  Mechanical  Works,  Los  Angeles, 
Cal.: 

,Vinch  square,  crimped  and  staggered  


Depth 
(parallel 
to  How 
of  air), 
inches. 


3} 
8] 


6 


3 
31 

4H 

■iA 

1 
1 

aft 


a 

3i 
3 

38 


Weight  of  core,  pounds  per 
square  foot  of  frontal  area. 


Empty. 


10.81 
9.35 

11.76 

15.68 
15  31 
19.2 


16.34 
15.55 


12. 55 
7.59 

16.  OS 
15. 50 
11.87 
7.97 
13  38 
12.60 
9.43 
8.11 


10.9S 
11.30 


10.53 
9.95 


11.40 
12.96 


Water 
content. 


10.70 
10.70 
■J  0 


6.39 
6.17 

4.28 
3.03 
1.57 


Filled. 


26. 3S 
26  01 
29.1 


22.73 
21.72 

13.14 
15.  .58 
9.16 


Cooling 
surface, 
squaro 
feet  per 
sntiarc 
foot  of 
frontal 
area. 


2.64 

13.62 

42.8 

2.64 

14.00 

42.8 

4.35 

14.88 

31.9 

3.03 

14.49 

42.6 

6.76 

19.72 

51.6 

45.7 
45.7 
72.0 


27.8 
50.1 

34.4 
38.2 
40.0 


i 

 i_ 

i 

i 

i 

f 

i 

i 

/ 

i 
i 

t 

£ 

V°64 

lectn 

-i/t/ 
ctior 

ferfc 
3 
™) 

'TON 
iTut> 

4 

i 
i 

e 

( 

■a  se 

l 

/ 
i 
i 

I 

i 
i 
t 

t — 

1 

i 

/ 

/ 

I 

1 

t 

J- 

I 

t  

/ 

-4 

r~ 

Af 

J- 

i 

r 

/ 

f 

L 

4 

* 

/ 

U  10  60  80 

free  A/r  Speed  "  rnt / hr. 


i 


0 


I 

1 
/ 
1 

— t — 1 

/ 
/ 

1 

1 

1 

1  1 

I 
I 

i 

/V-  75- 1 /  V/NG3TQM 
s/i6'  Square  Ce// 

1 
t 

I 

I 

I 

I 

J 

f 

 i- 

I 

/ 

l 
/ 
/ 

1 

/ 
t 

z 

i 

/ 

/ 

/ 

/ 

f 

V 

— * 

w 

/ 

40  60  00 

Free  Air  Speed  -  mi  / hr. 


X 

5 


i 

 t~ 

1 
1 

—f  

/ 

/ 
1 

 f 

I 
1 

1 
1 
1 

rY?S0-MSCOrlD 
s/t6  "  rtexogono/  ce//. 

1 

1 

1 
1 

— / — 

1 

/ 

/ 

I 

1 

t 

/ 

\f 

f 

/ 

/ 

/ 

r 

ZO    ~  40  60 

free  Atr  Speed  -  mi.  /  Ar 


 ) — 

1 

■4  

/ 

/ 
/ 
' 

/ 
/ 

NB  31-MiCOrXO 
'  Square  Ce// 

— t 
i 

i 

/ 

/ 
t 

f 

1 

/ 
1 

1 

1 

1 

/ 

V 

i 

+~ 

 T— 

/ 

w 

f 

V 

40  60 
Free  Atr  Speed  3 


A 
X 


i  /hr 


*0  60 
f~ree  Air  Speed 


!• 

•3 
I 

4 


—7  

/ 

 4- 

—f 

1 
I 

i 

l 

f~ 

-f- 

i 

l 

NS  37 -MAYO 
Scpuore  Ce/A 

e~jra~x  **■ 

. — L 

l— 

i 

i 

i 

i 

f 

i 

/ 
/ 

h 

/ 

\ 

W 

r 

s 


r 


60 

free  Air  Speed'  mi/hr 


i 
/ 

1- 

/ 

t 

/V-  zoo  •  ma  yo 

J/t6  "Square  Ce// 
O  X  O  X  4  '•»✓>«" 

/ 
< 

— /- 
/ 

/ 

/ 

i 

t 

r 

/ 

/ 

IA 

0 


40  60         .  SO 

free  Air  Speed  -  mi  /  fir. 


1 

1 

1 

<— 

— 

 r 

/ 
/ 

N9  9&-MAYO 
4^>6  5<juore  Ce/A. 
3  AO  X  -4  *St6". 

— f— 
i 

i 

i 

— f 

f 

t 

I 

1 

-h 

r 

.  4 
#<  ' 

V 

f 

1 

W 

y 

— i — 

/ 

/ 

i 

t 

I 
1 

/V?/OZ-  MAYO 
"  Square  ce//. 
a  xo  x  z  ■*/>*■■. 

r~ 

i 

i 

T 

/ 

i 

/ 

v 

fV 

i 

T 

» 

/ 

"J 

v.* 


ZO  40  6d  30~ 

free  Air  Speed  =  rrti/hr 


1 

1 

i 

I 

1 

t 

t 

/ 

 1— 

1 

/V?/0/-  MAYO 
■V<6 'Square  Ce//. 
O'se '  *  a  X  3 

 f- 

f 

t 

t 

1 
f 

1 

l 

e 

/ 

/ 

7  

J 

f 

A 

/ 

b 
J 


to 


► 


^ 
O 
V 
H 

> 

H 

h-i 

o 

$ 

- 

03 

o 
w 

o 
o 

R 

H 
H 

H 
g 

O 


w 

o 

> 

a 

o 


free  Air  Speed  -  mi/ hr. 


free  Air  Speed  ■  A/* 


Atr Speed  ■  /rr/  / 


"a 


103- MAYO 


40  U  tk 

free  Atr  Speed  '  fni  /fir. 


f  

t 

/V°  7<r  -  SPARKS  -  W/  THING  TON 
'■■tCrcu/or-Ce//  IZXIiX3 

1 

1 

i 

1 

1 

1 

1 

1 
t 

1 

1 

— 4— 
1 

1 

i 

1 

f 

t 

T 

/ 

/ 

<V  60 
Free  Air  Speed  « 


5 


i 


r 


/ 

1 

1 

1 

1 

I 

1 
1 

/ 
1 

1  

i 
1 
1 

/z-x  z*~x  3 
/6'X  /6'x  3->/q: 

1 

1 

—t — 
/ 
1 

f 

1 

—1 — 
/ 
/ 

/ 

/ 

1 

/  " 

— f- 
/ 

1 

-t- — 

— t- 
1 
1 

/ 
/ 

+- 

1 

/ 

/ 

/ 

I 

/ 

/ 

/ 

!  

 7 

A 

7 

f 

40  60-  80 

Free  A/r  Speed  •  mt  / 


i 

4 


w 

> 
d 

W 

B 
u> 

55 
H 
> 

a 
b 

a 

a 

B 

o 

a 
> 
a 

> 

H 
O 
53 
W 


to 


256 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


HEAD  RESISTANCE  DUE  TO  RADIATORS. 
Table  II. — Comparison  of  head  resistance  of  radiator  cores. 
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PART  II. 


PRELIMINARY  REPORT  ON  RESISTANCE  DUE  TO  NOSE  RADIATOR." 

By  R.  V.  Klein sciimidt. 

r£sum£. 

Wind-tunnel  tests  on  a  model  fuselage  show  the  following  qualitative  results: 

(1)  At  any  given  plane  speed  the  total  resistance  of  a  fuselage  with  a  flat  nose  radiator  is 
increased  hy  increasing  the  air  flow  through  the  radiator  either  by  opening  exit  vents  for  the 
air  or  by  decreasing  the  resistance  of  the  radiator  to  passage  of  air.  This  shows  that  a  nose 
radiator,  in  contradistinction  to  an  unobstructed  radiator,  should  be  of  compact  construction 
with  high  heat  transfer  for  low  air  flows  through  the  core,  therefore  requiring  a  core  of  high 
resistance. 

(2)  With  varjdng  plane  speeds  the  relative  efficiencies  of  unobstructed  and  nose  radiators 
do  not  change. 

(3)  With  all  three  widely  differing  types  of  core  tried,  the  combined  resistance  of  the 
fuselage  and  an  unobstructed  radiator  of  given  cooling  capacity  was  from  10  or  50  per  cent 
less  than  that  of  the  fuselage  with  a  nose  radiator  of  the  same  core  construction  and  equiva- 
lent cooling  capacity. 

(4)  From  other  experiments  performed  at  the  Bureau  of  Standards  it  is  clear  that  there  is 
more  chance  for  improvement  in  types  of  core  for  unobstructed  positions  than  in  types  of 
cores  for  the  nose  position. 

RESISTANCE  DUE  TO  NOSE  RADIATOR. 

The  present  report  considers  the  effect  of  placing  a  radiator  in  the  nose  of  a  fuselage  as 
compared  with  the  effect  of  placing  a  radiator  of  the  same  core  construction,  having  an  equiva- 
lent cooling  capacity,  in  an  unobstructed  position  and  streamlining  the  nose  of  the  fuselage. 
The  results  of  these  tests  indicate  less  difference  than  woidd  be  shown  by  comparing  residts 
witli  radiators  specially  selected  for  each  of  the  positions  in  which  they  were  placed. 

The  results  are  qualitative  only,  but  they  are  so  striking  as  to  indicate  that  the  nose  of 
the  fuselage  is  not  a  desirable  location  for  a  radiator  from  the  point  of  view  of  head  resistance. 

A  model  fuselage  60  inches  long,  10  inches  wide,  and  13  inches. high  was  constructed  with 
a  removable  streamline  nose  which,  when  removed,  allowed  an  8-inch  square  section  of  radiator 
core  to  be  placed  in  the  nose.  (See  figures  7  and  8.)  Two  holes  on  each  side  of  the  fuselage, 
each  about  1£  by  6§  inches,  were  cut  about  a  foot  back  from  the  nose  and  fitted  with  adjustable 
sliding  doors.    By  adjusting  these  vents  the  amount  of  air  passing  through  the  nose  was  varied. 

The  model  was  mounted  in  a  54-inch  wind  tunnel  and  the  head  resistance  measured  under 
the  following  conditions: 

(1)  Streamline  nose  on  model.  (No  change  in  resistance  was  observed  whether  vents 
were  open  or  closed.) 

(2)  Streamline  nose  removed,  but  nose  radiator  covered  with  a  sheot  of  paper  so  that  there 
was  no  air  flow  through  the  core. 


'  This  Report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  J'lants  Report  No.  24. 
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(3),  (4),  and  (5)  Nose  radiator  in  place  with  varying  amounts  of  air  flow  controlled  by 
opening  the  vents.  Seven  or  eight  different  air  speeds  were  tried  in  each  case,  the  maximum 
being  about  70  miles  per  hour. 

The  results  of  these  runs  are  given  in  plot  1  against  free-air  speed.  They  show  (1)  that 
the  streamline  nose  decreases  the  resistance  of  the  fuselage  by  50  per  cent,  and  (2)  that  the 
total  resistance  of  the  fuselage  increases  rapidly  when  air  is  allowed  to  enter  the  radiator,  so 
that  a  compact  type  of  core  is  desirable  for  this  position. 

Plot  2  illustrates  these  conclusions  more  clearly,  since  there  the  resistance  of  the  fuselage 
at  60  miles  per  hour  free-air  speed  is  plotted  against  the  mass  flow  of  air  through  the  radiator'. 
There  is  also  plotted  the  total  resistance  of  the  fuselage  with  a  streamline  nose  together  with  an 
unobstructed  radiator  of  the  same  core  construction  and  of  such  size  as  to  have  a  cooling 
capacity  equivalent  to  that  of  the  nose  radiator  at  any  given  mass  flow.  Plots  3,  4,  5,  and  6  give 
the  same  data  for  two  other  cores,  3  and  4  being  for  a  core  of  very  low  head  resistance  and  5  and 
6  for  a  core  of  very  high  head  resistance,  which  would  be  a  very  good  type  for  a  nose  radiator 
and  a  very  bad  type  for  an  unobstructed  position.  There  are  types  of  core  considerably  better 
for  unobstructed  positions  than  those  included  in  this  test,  while  the  core  represented  in  plots 
5  and  6  is  probably  one  of  the  best  for  the  nose  position. 

CONCLUSIONS. 

Based  on  the  results  of  these  wind-tunnel  experiments  on  a  model  fuselage  it  is  concluded 
that: 

(1)  The  resistance  of  a  fuselage  with  streamline  nose  is  increased  more  by  removing  the 
streamline  nose  and  substituting  a  radiator  than  it  is  by  adding  an  equivalent  unobstructed 
radiator  and  retaining  the  streamline  nose. 
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(2)  Between  good  radiators  for  each  position  the  increase  of  resistance  due  to  the  r  ose 
radiator  is  roughly  double  that  due  to  the  unobstructed  radiator. 

(3)  Above  a  very  low  mass  flow  the  nose  radiator  becomes  relatively  worse  and  worse, 
as  the  mass  flow  is  increased  by  opening  the  vents  at  a  constant  free-air  speed.  This  fact  is 
of  great  importance,  since  the  space  available  for  a  nose  radiator  is  so  limited  that  the  highest 
possible  mass  flows  are  used  in  practice. 

(4)  It  is  found  that  the  relative  efficiency  of  the  nose  radiator  and  the  unobstructed 
radiator  does  not  change  appreciably  witli  free-air  speed  for  a  given  setting  of  the  vents. 
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EFFECT  OF  STREAMLINED  CASING  FOR  FREE-AIR  RADIATORS. 

By  S.  R.  Parsons. 


RfeSUMfe. 

This  report  on  preliminary  tests  of  a  radiator  inclosed  in  a  streamlined  casing  shows  that 
head  resistance  can  he  decreased  hy  as  much  as  50  per  cent,  but  the  accompanying  decrease 
in  mass  flow  of  air,  and  consequently  in  heat  transfer,  nullifies  the  advantage  gained,  with  a 
possible  exception  in  the  case  of  very  high  speeds. 

DESCRIPTION  OF  RADIATOR  AND  CASING. 

The  radiator  used  was  a  12-inch  square  section  of  core,  composed  of  one-fourth  inch  square 
cells,  and  3|  inches  deep.  The  casing,  which  was  made  of  galvanized  iron,  is  illustrated  in 
ligure  1 .  It  is  streamlined  in  one  dimension  only  :  the  top  and  bottom  pieces  being  flat  rectangu- 
lar sheets,  and  the  side  pieces  curved.  The  curves  used  are  not  of  the  common  streamline 
form,  but  are  arcs  of  circles,  because  of  the  fact  that  the  air  flows  on  both  sides  of  the  sheet. 

EFFECT  OF  CASING  ON  PROPERTIES  OF  THE  RADIATOR. 

The  casing  causes  a  very  considerable  reduction  in  both  the  head  resistance  and  the  mass 
flow  of  air  through  the  core.  As  the  side  pieces  are  brought  nearer  together  and  the  area  of 
the  mouth  reduced,  the  head  resistance  first  decreases  to  a  minimum,  and  then  increases.  The 
lowest  head  resistance  found  was  about  50  per  cent  of  that  of  the  uncased  core,  with  a  mouth 
area  equal  to  one-half  of  the  frontal  area  of  the  core.  For  the  only  section  on  which  reliable 
measurements  of  mass  flow  have  yet  been  made, 

mass  (low  through  streamlined  core  area  of  moulh 

mass  flow  through  unatreamlined  core  area  of  radiator  face 

A  decrease  in  mass  flow  of  air  causes  a  decrease  in  heat  transfer,  and  the  advantage  of  the 
reduction  in  head  resistance  is  outweighed  by  the  disadvantages  of  the  decrease  in  heat  transfer 
and  the  additional  weight  of  the  casing.  Plot  2  shows  the  figure  of  merit  resulting  from  open- 
ings of  the  casing  9  inches,  6  inches,  and  3  inches  wide.  To  show  the  effect  of  weight,  the  figure 
of  merit  has  been  computed  for  a  casing  of  galvanized  iron,  and  also  for  one  of  aluminum.  At 
high  speeds  the  effect  of  weight  is  small  in  comparison  with  that  of  head  resistance,  and  the 
curves  are  not  far  below  the  curve  for  the  unstreamlined  core,  but  they  will  not  reach  it  at 
speeds  below  100  m.  p.  h.,  and  probably  not  at  higher  speeds.  If  there  is  to  be  any  gain  in 
figure  of  merit,  at  the  lower  speeds,  the  proportional  decrease  in  head  resistance  must  be  decidedly 
greater  than  the  proportional  decrease  in  mass  flow  of  air.  Since,  however,  the  decrease  in 
heat  transfer  at  high  speeds  is  somewhat  less  for  a  given  decrease  in  mass  flow  than  at  low  speeds, 
it  may  bo  that  for  a  speed  of  150  m.  p.  h.  there  will  be  an  advantage.  The  data  at  present 
available  do  not  warrant  extrapolation  to  such  a  speed. 

POSSIBLE  ADVANTAGE  FOR  MASKIM.. 

It  seems  that  if  there  is  to  be  any  considerable  advantage  in  using  the  streamlined  casing 
it  will  be  in  its  adaptability  for  masking  a  part  of  the  core.  It  would  be  a  simple  problem  in 
construction  to  streamline  the  water  boxes  in  the  vertical  dimension  and  the  core  in  the  hori- 
zontal, and  to  place  inside  of  the  casing  for  the  water  boxes,  the  mechanism  for  opening  and 
closing  the  mouth  of  the  casing  for  the  core. 
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EFFECT  OF  ALTITUDE  ON  RADIATOR  PERFORMANCE.' 

By  W.  S.  James  and  S.  R.  Paksons. 


RfeSUMfi 

As  an  airplane  rises  to  high  altitudes  the  decrease  in  the  density  and  the  temperature  of 
the  air  have  important  effects  on  the  performance  of  the  radiator. 

The  effect  of  the  lower  temperature  tends  to  increase  the  heat  transfer  in  proportion  to 
tlio  increase  of  the  mean  temperature  difference  between  the  water  in  the  radiator  and  the  air 
through  which  the  radiator  passes. 

The  decrease  in  density  of  the  air  reduces  the  mass  of  air  passing  through  the  radiator 
for  a  given  plane  speed,  and  thus  tends  to  decrease  the  heat  transfer  by  an  amount  corresponding 
(hut  not  proportional)  to  the  decrease  in  density. 

Since  head  resistance  is  proportional  to  density  of  the  air,  the  effect  of  decrease  in  density 
is  to  reduce  the  head  resistance  by  an  amount  proportional  to  the  decrease  of  density. 

The  combined  eirect  of  density  and  temperature  changes  is  to  decrease  the  heat  transfer, 
but  head  resistance  is  decreased  more  rapidly,  and  for  the  higher  plane  speeds  the  figure  of 
merit  is,  in  general,  increased.  On  the  other  hand,  at  the  higher  altitudes  only  half  (or  even 
less)  of  the  cooling  capacity  may  be  required. 

If  the  performance  of  the  radiator  at  the  ground  is  known  (from  laboratory  tests  or  other- 
wise), the  density  of  the  air  and  the  temperature  difference  between  air  and  water  at  an  alti- 
tude may  bo  estimated  from  data  contained  in  the  curves  of  plots  1,  2,  and  3  and  from  the 
conditions  under  which  the  airplane  is  to  be  used;  and  with  this  information  at  hand  the 
performance  of  a  radiator  at  an  altitude  may  be  estimated  for  a  particular  speed  of  the  airplane 
at  a  particular  altitude,  as  follows: 

1.  To  obtain  the  energy  dissipated,  first  find  the  mass  (low  of  air  through  the  radiator  at 
the  ground  and  at  the  desired  speed  and  multiply  this  value  by  the  ratio  of  the  air  density 
at  the  altitude  to  the  density  at  the  ground  to  obtain  the  mass  How  of  ah  at  the  altitude. 

2.  Now,  from  the  results  of  tests  at  the  ground  obtain  the  energy  dissipated  per  100°  F. 
temperature  difference  between  air  and  water  for  the  mass  flow  computed  for  the  altitude, 
and  multiply  this  value  by  the  estimated  temperature  difference  at  the  altitude  divided  by 
100  to  obtain  the  energy  actually  dissipated  at  the  altitude. 

3.  For  head  resistance  multiply  the  value  at  the  ground  and  at  the  desired  speed  by  the 
ratio  of  the  density  at  the  altitude  to  the  density  at  the  ground. 

4.  Horsepower  absorbed  is  computed  as  at  the  ground  by  adding  to  the  bead  resistance 
the  quotient  obtained  by  dividing  the  weight  per  square  foot  of  the  radiator  filled  with  water 
by  the  lift-drift  ratio  of  the  plane  and  multiplying  this  sum  by  the  plane  speed  and  the  proper 
conversion  factor. 

5.  Figure  of  merit,  as  at  the  ground,  is  the  ratio  of  the  energy  dissipated  to  the  horsepower 
absorbed. 

Plots  Nos.  4  to  7  show  the  effect  of  altitude  on  energy  dissipated  and  figure  of  merit  for 
two  typical  radiators,  and  plot  No.  8,  which  shows  the  ratio  of  air  density  at  an  altitude  to 
density  at  the  ground,  indicates  the  proportional  decrease  of  head  resistance  with  increase  of 
altitude  for  any  type  of  radiator. 


'This  report  was  confidentially  circulated  during -the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  29. 
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INTRODUCTION. 

The  efficiency  of  a  radiator  for  airplane  engines  depends  primarily  upon  two  factors: 
(1)  Its  capacity  for  dissipating  heat  and  (2)  its  absorption  of  engine  power  because  of  the  neces- 
sity of  pushing  it  through  the  air  (overcoming  its  head  resistance)  and  of  lifting  and  sustainirg 
its  weight. 

At  high  altitudes  both  the  density  and  the  temperature  of  the  air  are  less  than  at  the 
ground,  and  the  change  in  these  conditions  has  an  important  effect  upon  the  performance  of 
the  radiator.  The  decrease  in  air  temperature  tends  to  increase  the  cooling  capacity,  while 
the  decrease  in  density  of  the  air  tends  to  decrease  both  the  cooling  capacity  and  the  absorp- 
tion of  power  for  any  given  speed  of  the  airplane.  On  the  other  hand,  the  power  of  the  engine, 
and  consequently  the  heat  to  be  dissipated,  falls  off  with  altitude,  so  that  at  high  altitudes  a 
given  engine  may  be  kept  cool  by  a  smaller  radiator  than  that  required  for  the  same  conditions 
of  speed  and  climb  near  the  ground. 

PURPOSE. 

The  purpose  of  this  report  is,  by  showing  the  effect  of  temperature  and  density  of  the  air 
on  dissipation  of  heat  and  absorption  of  power,  and  with  the  use  of  available  data  on  atmos- 
pheric conditions  at  altitudes,  to  present  a  method  for  estimating  the  performance  of  a 
radiator  under  altitude  conditions  in  terms  of  its  performance  at  the  ground.  A  brief  discus- 
sion will  also  be  given  of  the  relative  cooling  capacity  required  at  altitudes  and  at  the  grouni. 

Since  atmospheric  conditions  are  continually  changing,  it  will  be  evident  that  any  estimate 
of  performance  at  an  altitude  must  be  based  upon  assumed  conditions,  such,  for  example,  :is 
mean  summer  density  and  temperature  of  air,  in  addition  to  assumed  requirements  of  operation, 
such  as  the  maximum  allowable  water  temperature.  Certain  meteorological  data  have  accord- 
ingly been  included,  in  order  to  give  such  basis  as  is  available  for  the  assumptions  that  must 
bo  made. 

DEFINITIONS  OF  UNITS. 

The  results  of  tests  at  the  ground  are  expressed  as  follows: 
Free  air  speed  (tbe  speed  of  the  airplane) ,  in  miles  per  hour. 

Mass  flow  of  air  through  the  radiator,  in  pounds  per  second  per  square  foot  frontal  area. 

Energy  dissipated  (heat  transfer),  in  horsepower  per  square  foot  of  frontal  area  per  100°  F. 
difference  between  the  temperature  of  the  entering  air  and  the  average  of  the  temperatures  of 
the  entering  and  leaving  water,  at  ground.  (At  an  altitude  this  temperature  difference  may 
be  modified.) 

Head  resistance,  in  pounds  per  square  foot  frontal  area. 

Horsepower  absorbed,  in  horsepower  per  square  foot  frontal  area,  including  both  that  used 
in  overcoming  head  resistance  and  that  used  in  sustaining  and  lifting  the  weight  of  the  radiator 
ami  contained  water,  assuming  for  the  airplane  a  lift-drift  ratio  of  5.4. 

Figure  of  merit  is  defined  as  the  ratio  of  the  energy  dissipated  to  the  horsepower  absorbed. 

BASIS  OF  THE  METHOD. 

The  metbod  of  estimating  radiator  performance  under  altitude  conditions  is  based  upon 
the  following  laws: 

1.  Mass  flow  of  air,  for  a  given  speed  of  the  airplane,  is  proportional  to  the  air  density. 

2.  Energy  dissipated  (rate  of  heat  transfer),  for  a  given  mass  flow  of  air,  is  independent 
of  air  density.  This  fact  is  shown  by  a  series  of  tests  conducted  on  a  number  of  specimens  in  a 
wind  tunnel  which  was  entirely  inclosed  in  a  steel  tank  so  that  the  air  could  be  'partially  ex- 
hausted. The  range  of  air  densities  used  corresponds  to  altitudes  up  to  about  25,000  feet. 
Plot  No.  10  shows  the  results  of  these  tests.1 

3.  Energy  dissipated  for  a  given  mass  flow  of  air  may  be  regarded  as  proportional  to  tic 
temperature  difference  indicated  under  "Definitions  of  terms."    Several  investigators  have 


'  The  same  result  has  previously  been  observed  f  or  a  single  copper  tube  with  air  densities  equal  to  and  greater  than  atmospheric.  See  Z  'it, 
(tea  Ver.  doutscher  Ing.  53;  43;  p.  1750,  Oct.  23, 1909, 
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proposed  empirical  equations  for  the  rate  of  heat  transfer,  in  which  the  temperature  difference 
occurred  to  a  power  slightly  different  from  unity  (in  some  cases  as  high  as  1.2),  but  if  the  greatest 
value  found  were  to  be  used,  the  difference  between  the  result  so  obtained  and  that  obtained 
using  unity  for  the  exponent,  would  be  well  within  the  range  of  uncertainty  in  atmospheric 
conditions  at  high  altitudes.  For  the  present  purpose,  therefore,  the  linear  proportionality 
will  be  used. 

4.  Head  resistance,  for  a  given  free  air  sjjeed,  is  proportional  to  the  density  of  the  air. 
This  fact  is  in  general  use  by  aerodynamic  engineers,  and  while  it  has  been  verified  by  a  part 
of  the  experimental  work  on  which  this  report  is  based,  it  hardly  requires  to  be  proved  here. 

In  order  to  give  some  idea  of  the  atmospheric  conditions  that  may  be  expected  at  altitudes, 
plots  Nos.  1,  2,  and  3  are  included.  These  plots  are  based  on  data  given  by  W.  It.  Gregg  in 
the  Monthly  Weather  Review,  January,  1918.  Plots  1  and  2  indicate  mean  summer,  winter, 
and  annual  values  of  temperature  and  air  density  based  upon  observations  at  four  stations 
situated  in  Indiana,  Nebraska,  South  Dakota,  and  California.  Plot  No.  3  shows  the  boiling 
point  of  water  corresponding  to  mean  annual  pressure  at  the  same  stations,  only  one  line  being 
plotted  because  the  difference  between  annual  and  summer  or  winter  means  (1.5°  at  25,000 
feet,  and  less  at  lowor  altitudes)  is  so  small  that  it  may  safely  be  neglected,  in  view  of  the 
uncertainties  in  all  altitude  conditions. 

In  order  to  make  use  of  the  data  on  atmospheric  conditions,  and  in  particular  of  the  pro- 
portionalities mentioned  above,  it  wdl  be  convenient  to  introduce  the  terms  "density  factor" 
and  "temperature  factor,"  and  to  define  them  as  follows: 

„  .  air  density  at  altitude 

Density  factor  = — : — t  sf — t— -  -y- 

J  air  density  at  ground 

and 

T        ratur  factor  —  temPerature  difference  existing  at  altitude 
'  e  temperature  difference  assumed  at  ground 

It  will  be  noted  that  density  and  temperature  difference  "at  ground"  denote  the  assumed 
density  and  temperature  difference  to  which  the  results  of  tests  at  ground  have  been  reduced, 
and  that  the  "factors"  are  not  constants,  but  vary  with  altitude  and  with  atmospheric  con- 
ditions. 

Then  the  actual  values  of  density  ami  temperature  factors  to  be  used  in  any  particular 
computation  will  depend  upon  more  or  less  arbitrary  assumptions  in  regard  to  atmospheric 
conditions,  and  these  assumptions  will  depend  upon  the  conditions  under  which  it  is  desired 
to  study  the  performance  of  the  radiator — whether  for  summer  or  winter  flying,  whether  for 
mean  or  extreme  conditions,  etc.  The  temperature  factor  will  also  depend  upon  the  limit  set 
for  maximum  allowable  water  temperature. 

It  is  now  possible  to  express  the  properties  of  a  radiator  at  an  altitude  in  terms  of  its 
properties  at  the  ground,  and  the  density  and  temperature  factors,  as  follows: 

1.  For*  a  given  free  air  speed,  mass  flow  of  air,  being  proportional  to  air  density,  is  equal 
to  the  product  of  the  mass  flow  at  the  ground  by  the  density  factor. 

2.  Energy  dissipated  per  100°  F.  temperature  difference  an  altitude  is  the  same  as  that 
dissipated  per  100°  F.  at  the  ground /or  the  same  mass  flow  of  air. 

3.  Energy  actually  dissipated  at  an  altitude,  being  proportional  to  the  temperature  differ  - 
ence, is  equal  to  the  product  of  the  energy  dissipated  per  100°  F.  by  the  temperature  factor. 

4.  For  a  given  free  air  speed,  head  resistance,  being  proportional  to  air  density,  is  equal 
to  the  product  of  the  head  resistance  at  the  ground  by  the  density  factor. 

METHOD  OF  COMPUTATION. 

The  method  of  computing  the  performance  at  an  altitude  may  be  summarized  as  follows: 

1.  Choose  an  altitude  and  a  free  air  speed. 

2.  Assume  such  conditions  as  will  determine  the  values  of  the  density  and  temperature 
factors. 
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3.  To  obtain  energy  dissipated,  first  find  the  mass  flow  of  air  at  the  ground  and  at  the 
desired  free  air  speed  (from  the  results  of  ground  tests),  and  multiply  this  value  by  the  density 
factor  to  obtain  the  mass  flow  of  air  at  the  altitude. 

4.  Now,  from  the  curve  of  energy  dissipated  against  mass  flow  of  air,  given  with  the  results 
of  tests  at  the  ground,  obtain  the  energy  dissipated  per  100°  F.  for  the  mass  flow  computed  for 
the  altitude  and  multiply  it  by  the  temperature  factor  to  obtain  the  energy  actually  dissi- 
pated at  the  altitude. 

5.  For  head  resistance,  multiply  the  value  at  the  ground  and  at  the  desired  free  air  spaed 
l>y  the  density  factor  to  obtain  the  head  resistance  at  the  altitude. 

6.  Horsepower  absorbed  is  computed  as  at  the  ground  by  adding  to  the  head  resistance 
the  quotient  obtained  by  dividing  the  weight  per  square  foot  frontal  area  of  the  radiator  filled 
with  water  by  the  lift-drift  ratio  of  the  airplane,  and  multiplying  this  sum  by  the  free  air  speed 
and  the  proper  conversion  factor. 

7.  Figure  of  merit,  as  at  the  ground,  is  the  ratio  of  the  energy  dissipated  to  the  horse- 
power absorbed. 

EXAMPLE. 

To  estimate  the  performance  of  a  radiator  of  "the  type  E-8,  described  in  Report  No.  33, 
Part  I,  using  results  of  ground  tests  as  given  in  that  report: 

1.  Assume,  for  illustration,  an  altitude  of  10,000  feet  and  a  speed  of  120  miles  per  hour 
in  level  flight.  Report  No.  63,  Part  I,  gives  a  curve  showing  energy  dissipated  per  100°  F. 
temperature  difference,  in  terms  of  mass  flow  of  air,  and  the  following  quantities  for  ground 
conditions: 

mass  Jaw  of  air  at  120  miles/hr.  =  10.97  lb./sq.  ft./sec 
head  resistance  at  120  miles/hr.  =  12.5  lb./sq.  ft. 
weight  of  core  and  contained  water =  14.15  lb./sq.  ft. 

2.  Assume  mean  summer  conditions  of  the  atmosphere,  and  the  requirement  that  the 
mean  temperature  of  the  water  in  the  radiator  shall  be  30°  F.  below  the  boiling  point.  (Tluse 
assumptions  are,  of  course,  arbitrary,  and  will  vary  with  the  conditions  under  which  the  plane 
is  to  be  used.)  Then  the  density  factor  at  10,000  feet  will  be  the  value  of  the  "summer"  curre 
of  plot  No.  2,  divided  by  0.0750,  which  is  the  assumed  density  at  ground,  or 

0.0750  U,/~'- 

The  temperature  factor  will  be 

(boiling  point- 30°)-  (summer  mean)  =  194.2 - 30-50 
100  100 

3.  Mass  flow  of  air  at  10,000  fect  =  (mass  flow  at  ground)  (density  factor)  =  (10.97)  (0.727)  = 
7.98  lb./sq.  ft./sec. 

4.  From  the  curve  of  energy  dissipated  against  mass  flow  in  Report  No.  63,  Part  I,  energy 
dissipated  at  7.98  lb./sq.  ft./sec.  =42.2  H.  P.  per  sq.  ft./100°  P.,  but  with  the  greater  temper  i- 
ture  difference,  energy  dissipated  at  the  altitude  =  (42.2)  (temperature  factor)  =  (42.2)  (1.142)  = 
48.2  H.  P./sq.  ft. 

5.  Head  resistance  at  10,000  feet  =  (head  resistance  at  ground)  (density  factor)  =  (12.5) 
(0.727)  =9.09  lb./sq.  ft. 

6.  Horsepower  absorbed,  if  a  lift-drift  ratio  of  5.4  is  assumed,  = 

,       •  .     ■  \  ,   (weight  tilled)  "1  (free  air  speed)    fnnn    (14.15)"]  (120)    _  ...  i. 

[_(head  resistance) +  (Eft_|r.{t  ^  j        ^  ^gj-S.ft  H.  P./sq.  ft. 

_  ,       ..       energy  dissipated  48.2 

7.  lMgure  of  ment-horeepower  alfsorbed  =  3^5=  12.8. 
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DESCRIPTION  OF  CURVES. 

Plots  Nos.  4  to  7  represent  the  properties  of  two  types  of  radiator  core  at  altitudes;  plots 
Nos.  4  and  6,  showing  figure  of  merit,  and  plots  Nos.  5  and  7,  energy  dissipated,  in  terms  of 
altitude.  The  conditions  and  requirements  assumed  are  mean  summer  density  and  tempera- 
ture of  air  and  a  mean  water  temperature  30°  F.  below  the  boiling  point.  The  computations 
are  based  upon  data  given  in  plots  Nos.  1,  2,  and  3. 

Radiator  E-8  is  made  of  flat  hollow  plates  set  edgewise  to  the  air  stream,  and  its  perform- 
ance is  typical  of  radiators  adapted  to  use  inuuobstructed  positions — that  is,  in  such  positions 
on  tlie  plane  that  the  How  of  air  toward  or  away  from  the  radiator  is  not  obstructed  by  other 
parts  of  the  plane. 

Radiator  0-3  is  a  type  of  high  heat  transfer  and  high  head  resistance,  adapted  to  use  only 
in  obstructed  positions.  Its  properties  are  computed,  however,  only  for  the  condition  of 
being  placed  in  an  unobstructed  position,  since  the  problem  of  determining  head  resistance  in 
an  obstructed  position  is  too  complex  to  be  introduced  into  this  report.  (Sec  lieports  No. 
50,  General  Analysis  of  the  Radiator  Problem,  and  61,  Part  II,  Resistance  Due  to  Nose 
Radiator.) 

The  curves  indicate  that  while  heat  transfer  falls  oil  with  altitude,  the  figure  of  merit  may 
increase  slightly  at  the  higher  speeds.  The  general  form  of  the  curves  is  the  same  for  both  the 
type  of  core  suitable  for  unobstructed  positions  and  the  type  suitable  for  obstructed  positions. 

Plot  No.  S,  based  on  mean  summer  density,  shows  a  typical  relation  of  "density  factor" 
to  altitude;  and  since  head  resistance  is  proportional  to  density,  this  plot  also  shows  the  relation 
of  head  resistance  at  a  given  free  air  speed  to  altitude.  No  curve  of  "temperature  factor"  is 
shown,  because  so  many  different  assumptions  may  he  made  in  regard  to  atmospheric  condi- 
tions and  operating  requirements  that  a  single  curve,  could  hardly  be  called  typical.  "Tempera- 
ture factor"  can  easily  be  computed  for  various  assumptions  from  data  given  in  the  plots  of 
temperature  and  boiling  point  against  altitude. 

DEGREE  OF  MASKING  REQUIRED  AT  ALTITUDES. 

I.  HORIZONTAL  FLIGHT. 

If  the  radiator  is  to  be  partly  masked  at  the  higher  altitudes,  plot  No.  9  may  be  used  to 
give  an  approximate  idea  of  the  degree  of  masking  desirable,  in  terms  of  the  cooling  capacity 
required  at  the  ground  for  horizontal  flight. 

Let  a  radiator  be  chosen  of  such  a  size  that  it  will  just  cool  the  engine  when  Hying  at  a  given 
speed  (say,  120  miles  per  hour)  horizontally,  and  close  to  the  ground.  Now  the  energy  required 
to  be  dissipated,  divided  by  the  energy  that  the  radiator  is  capable  of  dissipating,  will  represent 
what  may  be  termed  the  "effective  area"  of  radiator  required  at  an  altitude,  in  square  feet  per 
square  foot  required  at  the  ground.  The  adjective  "effective"  is  used  because  the  decrease 
in  heat  transfer  caused  by  a  partial  masking  will  depend  not  only  upon  the  area  of  face  covered, 
but  upon  the  form  of  shutter  used.  The  real  indication  of  heat  transfer  will  be  given  by  the 
mass  flow  of  air,  rather  than  by  area. 

The  power  of  the  engine,  and  consequently  the  heat  to  be  dissipated,  may  be  assumed 
roughly  proportional  to  the  air  density  (see  Report  No.  45,  Part  I),  and  an  approximate  value 
may  be  found  by  multiplying  the  energy  dissipated  at  ground  by  the  density  factor.  Plot 
No.  9  shows  the  ratio  of  this  required  dissipation  to  the  capacity  for  dissipation,  as  taken  from 
plots  Nos.  5  and  7,  and  represents  approximately  the  ratio  of  the  "effective  area"  desirable  at 
an  altitude  to  that  required  at  the  ground,  if  the  radiator  is  to  keep  the  engine  at  a  constant 
temperature.  These  curves  are  plotted  for  a  speed  of  120  miles  per  hour,  but  are  practically 
identical  with  the  curves  for  other  speeds.  This  fact,  and  the  small  difference  between  the 
two  curves  plotted,  seems  to  indicate  that  the  desirable  degree  of  masking  is  a  function  of  the 
altitude,  and  practically  independent  of  the  type  of  core  or  of  the  speed. 
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PERCENTAGE  OF  RADIATOR  CARAC/TY  REQUIRED 

Referred  to  level  flight  near  ground . 
Horsepower  of  engine  varying  with  density. 
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II.  CHANGE  FROM  CLIMBING  TO  HORIZONTAL  FLIGHT. 

When  the  plane  changes  from  maximum  climb  to  horizontal  flight,  its  speed  will  be  greatly 
increased  (for  some  types  of  planes,  about  doubled),  and  this  increase  in  speed  will  involve  a 
proportional  increase  in  mass  flow  of  air,  and  a  corresponding  (though  not  proportional)  increase 
in  heat  transfer.  This  consideration  alone  would  require  a  degree  of  masking  that  would  in 
some  cases  approach  50  per  cent  of  the  effectiveness  of  the  radiator  at  the  altitude,  but  it  has 
not  been  included  in  the  computations  for  plot  No.  9  because  of  a  wide  range  of  its  variation 
with  different  planes  and  their  different  uses.  If  the  relation  is  known  between  the  maximum 
climbing  speed  and  the  horizontal  speed  when  using  the  same  engine  power,  then  the  mass 
flow  of  air  and  the  corresponding  heat  transfer  can  be  determined  from  the  results  of  tests  at 
the  ground,  and  the  degree  of  masking  that  is  desirable  can  be  found  from  the  two  rates  of 
heat  transfer. 

It  may  be  well  to  note  that  no  account  has  been  taken  of  additional  cooling  from  the 
surface  of  the  engine  itself  or  from  connecting  pipes,  caused  by  the  lowering  of  the  air  tempera- 
ture; and  again  let  it  be  emphasized  that  mass  flow  of  air  gives  the  real  measure  of  what  has 
een  termed  "effective  area." 
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HEAT  DISSIPATION  AND  OTHER  PROPERTIES  OF  RADIATORS. 

By  II.  C.  Dickinson,  W.  S.  James,  and  R.  V.  Kleinschmidt. 

INTRODUCTION. 

The  present  report  is  the  fourth  of  a  series  of  reports  on  airplane  radiators,  incorporating 
the  results  of  experimental  work  at  the  Bureau  of  Standards  under  the  joint  auspices  of  that 
Bureau,  the  Aviation  Departments  of  the  Army,  and  the  National  Advisory  Committee  for 
Aeronautics.    The  lirst  three  arc  the  following: 

Technical  Report  No.  43,  Synopsis  of  Aeronautic  Radiator  Investigations  for  the  years 
1917-1918; 

Technical  Report  No.  59,  General  Analysis  of  the  Airplane  Radiator  Prohlem;  and 

Technical  Report  No.  60,  General  Discussion  of  Test  Methods  for  Radiators. 

These  reports  contain  a  discussion  of  the  technical  terms  used  and  briefly  defined  in  the 

present  report,  and  a  discussion  of  the  methods  used  in  ohtaining  the  data  on  which  the  present 

report  is  hased. 

PURPOSE 

The  purpose  of  this  report  is  to  present  the  results  of  tests  on  56  types  of  core  in  a  form 
convenient  for  use  in  the  study  of  the  performance  of  and  possible  improvements  in  existing 
designs.  Working  rules  are  given  by  which  the  data  contained  in  the  report  may  be  used, 
and  the  most  obvious  conclusions  as  to  the  behavior  of  cores  are  summarized. 

DEFINITIONS  OF  TERMS. 

(For  a  compete  discussion  of  the  terms  and  their  significance,  see  the  "Analysis,"  Tech- 
nical Report  No.  59.) 

I.  CHARACTERISTICS  WHICH  DESCRIBE  A  TYPE  OF  CORE. 

These  characteristics  are  given  in  Table  I,  and  a  few  of  the  most  important  are  included 
on  each  curve  sheet. 

Metal  is  designated  as  brass  or  copper  without  attempting  to  give  exact  composition. 
The  thickness  is  approximate  to  0.001  inch. 

Dimensions  of  core. — -Length  is  measured  in  the  general  direction  of  the  water  flow ;  depth, 
in  the  general  direction  of  air  flow;  and  width  perpendicular  to  those  two. 

Dimensions  of  water  tubes. — Length  (in  the  direction  of  water  flow)  is  expressed  in  inches 
per  foot  length  of  core;  depth  is  measured  in  the  same  direction  as  depth  of  core;  and  width 
is  the  thickness  of  the  stream  of  water. 

Cooling  surface  is  regarded  as  direct  only  when  backed  by  flowing  water.  Indirect  sur- 
face includes  fins,  spacers,  and  surface  backed  by  stagnant  water. 

Per  cent  free  area  is  the  cross-sectional  area  of  the  air  tubes  in  per  cent  of  the  frontal  arer. . 

All  characteristics  are  given  for  a  section  of  core  1  foot  square. 

II.  PROPERTIES  THAT  DESCRIBE  THE  PERFORMANCE  OF  A  CORE. 

The  properties  of  a  core  are  obtained  primarily  for  the  purpose  of  comparing  cores.  It 
must  be  remembered  that  the  properties  of  a  complete  radiator  on  a  plane  depend,  not  only 
upon  the  properties  of  the  core  but  on  the  location  of  the  radiator  on  the  plane.  This  is 
especially  true  of  head  resistance  and  the  properties  involving  it.  (The  method  of  estimating 
the  probable  performance  of  a  radiator  from  the  properties  of  its  core  is  given  under  "Use  of 
the  data  in  designing  a  radiator,"  below.) 

153215— S.  Doe.  166,  66-1?  19  279 
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Mass  flow  of  air  through  the  core  is  expressed  in  pounds  per  second  per  square  foot  of 
frontal  area.  When  a  core  is  supported  in  a  free  air  stream,  the  flow  of  air  through  it  is  pro- 
portional to  the  free  air  speed  (for  ordinary  types  of  core). 

•  The  mass  flow  constant  is  the  ratio  between  the  mass  flow  through  the  core,  and  the  mass 
of  air  flowing  through  a  square  foot  of  area  normal  to  the  direction  of  flow  in  the  undisturbed 
air  stream.  For  some  purposes  it  is  more  convenient  to  use  a  'mass  flow  factor"  which  is  the 
factor  by  which  free  air  speed  in  miles  per  hour  must  be  multiplied  to  obtain  mass  flow. 

Energy  dissipated  or  heat  transfer  is  expressed  in  horse  power  per  square  foot  of  frontal 
area,  for  a  difference  of  100°  F.  between,  the  temperature  of  the  air  entering  the  radiator  ind 
the  mean  of  the  temperature  of  the  entering  and  leaving  water. 

Head  resistance  of  the  core  is  the  force  required  to  push  it  through  the  air,  and  is  expressed 
in  pounds  per  square  foot  of  frontal  area. 

Head  resistance  constant  is  the  factor  by  which  the  square  of  the  free  air  speed  in  miles  per 
hour  must  be  multiplied  to  obtain  head  resistance  in  pounds  per  square  foot. 

Horsepower  absc~bed  is  computed  by  adding  to  the  head  resistance  the  quotient  obtained  by 
dividing  the  weight  of  core  and  contained  water  (in  pounds  per  square  foot  front)  1>3t  the  lift- 
drift  ratio  of  the  airplane,  and  multiplying  the  sum  by  the  speed  of  the  plane  and  by  a  conver- 
sion factor. 

As  the  lift-drift  ratio  varies  between  different  planes  and  varies  even  more  widely  between 
climbing  and  level  flight,  it  is  very  important  to  consider,  in  the  selection  of  a  core,  the  relative 
importance  of  climbing  speed  and  top  speed.  The  value  5.4  is  used  throughout  this  report  as 
a  good  average  for  planes  and  gives  equal  weight  to  rate  of  climb  and  top  speed.  If  rati  of 
climb  is  of  prime  importance  the  value  should  be  as  low  as  3,  while  if  speed  on  the  levd  is 
the  most  important  a  value  as  high  as  10  may  be  used. 

Figure  of  merit  is  the  ratio  of  the  energy  dissipated  in  horsepower  to  the  horsepower 
absorbed. 

Pressure  necessary  to  produce  water  flow  is  of  importance  in  determining  the  maximum 
flow  possible  through  a  given  type  of  core. 

CONDITIONS  UNDER  WHICH  THE  CORE  OPERATES. 

As  the  properties  of  a  core  vary  with  the  conditions  under  which  it  is  used,  it  is  necessiary 
to  express  the  results  of  tests  in  terms  of  certain  definite  conditions  adopted  as  standard.  The 
conditions  adopted  in  this  work  are: 

1.  Water  flow  must  be  high  enough  to  insure  turbulent  flow.  For  most  types  of  core  this 
means  that  it  must  be  above  about  2  gallons  per  minute  per  inch  of  core  depth  per  foot  width 
of  core. 

2.  Temperature  difference  (between  entering  air  and  mean  water  temperature)  of  1003  F. 
is  used  in  computing  the  heat  transfer  and  figure  of  merit  as  given. 

3.  Air  density  is  taken  as  0.0750  pounds  per  cubic  foot.  All  results  given  in  this  report 
are  reduced  to  these  conditions. 

Since  one  of  the  most  important  conditions  affecting  radiator  performance  is  the  mass 
flow  of  air  through  the  core,  the  properties  of  the  cores  have  been  expressed  in  terms  of  mass  How. 

The  effects  of  variation  from  the  conditions  adopted  as  standard  are  treated  in  detail  in 
separate  reports,  but  are  mentioned  below  in  a  form  for  use  in  design. 

GENERAL  FACTS  DEDUCED  FROM  THE  RESULTS  OF  EXPERIMENTS. 

General  statements  deduced  from  the  results  of  the  experiments,  together  with  a  few  of 
the  most  important  conclusions  from  other  reports,  are  as  follows: 

HEAT  TRANSFER. 

1.  Heat  transfer  is  a  function  of  mass  flow  of  air,  independent  of  density.  (See  Technical 
Report  No.  62.) 

2.  Heat  transfer  is  roughly  proportional  to  mass  flow  for  a  core  having  only  direct  cooling 
surface.  When  there  is  a  considerable  amount  of  indirect  cooling  surface  the  heat  transfer 
increases  less  rapidly  than  mass  flow  at  high  air  speeds. 
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3.  Heat  transfer  is  proportional  to  the  temperature  difference  mentioned  above. 

4.  Heat  transfer  is  not  greatly  affected  by  the  rati  uf  irati  >■  flow  provided  t lie  rate  is  above 
2  gallons  per  minute  per  inch  of  core  depth  per  foot  width  of  core.  It  should  be  noted,  how- 
ever, that  this  is  true  only  when  the  mean  water  temperature  is  regarded  as  constant.  (See 
below,  "Use  of  data  in  the  design  of  radiator:  Rate  of  water  flow.") 

5.  Heat  transfer  from  direct  cooling  surface  is  not  appreciably  affected  by  the  composition 
of  the  metal.  When  fins  and  other  indirect  cooling  surface  are  used  the  thermal  conductivity 
of  the  metal  is  important. 

(i.  Heat  transfer  is  somewhat  increased,  but  at  the  expense  of  a  large  increase  in  head 
resistance,  by  spirals  or  other  forms  of  passages  winch  increase  the  turbulence  of  the  air  stream. 
Heat  transfer  is  greater  for  smooth  than  for  rough  tube  walls,  for,  if  the  surface  is  rough,  it  will 
be  covered  with  a  layer  of  more  or  less  stagnant  fluid. 

HEAD  KESI STANCE. 

1.  Head  resistance  for  any  particular  core  varies  approximately  as  the  square  of  the  free 
air  speed.  In  most  cases  the  exponent  is  slightly  less  than  2.  Radiator  E-4  is  an  exception 
to  this  rule.  This  radiator  exhibits  resonance  effect  which  causes  it  to  whistle  in  an  air  stream 
having  a  velocity  of  more  than  about  30  miles  per  hour,  and  cause  head  resistance  curve  to 
show  irregularities  in  the  region  where  whistling  starts. 

2.  The  head  resistance  of  a  core  appears  to  be  closely  related  to  its  mass  flow  constant  so 
that,  in  general,  anything  which  tends  to  cut  down  the  flow  of  air  through  the  core  will  cause  a 
considerable  increase  in  head  resistance.    (See  plot  1.) 

3.  Head  resistance  varies  directly  as  the  air  density  for  a  given  free  air  speed,  and  inversely 
as  the  density  for  a  given  mass  flow.    (See  Technical  Report  No.  62.) 

4.  Head  resistance  is  considerably  increased  by  projections,  indentations,  or  holes  in  the  air 
tubo  walls. 

5.  Head  resistance  per  square  foot  is  not  appreciably  affected  by  the  size  of  the  core  within 
the  limits  used,  viz,  8  b}-  8  inches  to  16  bv  16  inches  and  12  by  24  inchos.  (See  Technical  Report 
No.  61,  Part  I.) 

MASS  FLOW  OF  AIR. 

Mass  flow  of  air  is  directly  proportional  to  free  air  speed  for  most  types  of  core.  The 
cores  E-4  and  G-4  are  exceptions. 

USE  OF  THE  DATA  IN  THE  DESIGN  OF  A  RADIATOR. 

CHOICE  OF  A  POSITION. 

The  first  step  in  the  design  of  a  radiator  is  the  choice  of  a  position  on  the  airplane.  The 
possible  positions  may  be  divided  into  two  classes: 

1.  Unobstructed  positions,  i.  e.,  those  in  which  the  flow  of  air  through  and  around  the 
radiator  is  not  obstructed  by  other  portions  of  the  plane. 

2.  Obstructed  positions,  such  as  the  nose  of  the  fuselage,  a  position  within  the  fuselage,  and 
in  the  plane  of  the  wing. 

It  has  been  shown  in  Technical  Report  No.  61,  and  also  in  reports  of  work  done  both  in 
Great  Biitain  and  in  France,  that  an  obstructed  position  involves  a  very  large  absorption  of 
power,  so  that  from  the  viewpoint  of  power  absorbed  for  a  given  heat  transfer,  the  unobstructed 
position  is  far  preferable  to  the  obstructed.  Tests  on  a  model  have  shown  that  the  resistance  of 
a  fuselage  fitted  with  a  nose  radiator  is  from  two  to  three  times  the  resistance  of  the  same  fuselage 
with  a  stream-line  nose,  and  that  the  increase  in  resistance  due  to  the  substitution  of  a  radiator 
for  the  stream-line  nose  is  greater  than  the  increase  that  would  be  caused  by  using  a  radiator  of 
the  same  coro  construction  and  the  same  cooling  capacity  in  an  unobstructed  position. 

SELECTION  OF  A  TYPE  OF  CORE. 

I 

In  an  unobstructed  position  the  head  resistance  and  consequently  also  the  figure  of  merit  of 
the  core  will  be  closely  related  to  these  properties  of  the  complete  radiator,  so  that  in  this  case  the 
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core  must  have  a  high  figure  of  merit  at  the  free  air  speed  at  which  it  is  used.  The  most  compact 
construction  consistent  with  this  fundamental  requirement  is  desirable.  In  order  to  obtain  a 
high  figure  of  merit  the  core  should  have  smooth,  straight  air  passages,  easy  entrances  and  >.\its 
for  the  air,  and  a  large  per  cent  freo  area.  With  these  factors  carefully  attended  to  the  ligure  of 
merit  of  cores  increases  with  depth  up  to  20  times  the  diameter  of  the  air  tubes,  which  is  as 
far  as  experiments  have  been  made.  Even  greater  depth  may  be  of  advantage  in  obtaining 
compactness. 

By  far  the  most  satisfactory  radiator  for  use  in  unobstructed  positions  seems  to  be  one  of  thin 
flat  plates,  not  ovor  -fa  inch  thick,  and  spaced  £  inch  on  centers.  The  plates  should  be  at  least 
12  inches  in  depth.  The  chief  defect  of  this  type  of  construction  is  mechanical  weakness.  (See 
cores  E-6,  E-7,  and  E— 8.) 

Of  radiators  now  in  commercial  use  in  this  country  that  have  been  tested,  Nos.  A-23, 
A-13,  A-20,  A-19,  and  A-7  are  best  suited  to  use  in  unobstructed  positions,  but  they  are 
decidodly  inferior  to  tho  flat  plate  type  at  high  air  speeds. 

For  use  in  obstructed  positions  the  selection  of  a  core  is  more  difficult,  but  in  general  high 
heat  transfer  at  low  air  speeds  is  desirable.  Indirect  cooling  surface  may  bo  of  advantage  if  it 
is  made  of  copper,  crimped  from  the  water  tube  walls,  and  wdl  soldered  to  them  at  all  possible 
places. 

Among  the  cores  tested,  Nos.  A-7,  A-20,  G-3,  A-2,  G-4,  and  B-8  are  best  suited  for 
obstructed  positions.  It  should  bo  noted  that  for  use  in  the  wing,  a  high  head  resistance  of 
the  core  is  not  a  disadvantage,  and  it  is  possible  that  a  core  such  as  F-4,  which  has  considerable 
mechanical  strength  and  a  low  water  resistance,  might  be  used. 

•  With  this  possible  exception,  the  (in  and  tube  type  is  unsuited  for  use  in  any  position,  its 
high  head  resistance  and  small  amount  of  direct  cooling  surface  making  its  efficiency  verj  low. 

SIZE  OF  CORE. 

Having  selected  a  type  of  core  for  the  desired  location,  the  computation  of  size  required  is 
relatively  simple.  In  the  caso  of  a  radiator  for  an  unobstructed  position,  the  heat  transfer  can 
be  determined  directly  from  the  curves  if  the  desired  best  climbing  speed  of  the  plane  and  the  air 
temperature  are  known.  The  ofTect  of  propeller  slip  must  be  estimated  and  allowed  for.  The 
energy  to  be  dissipated  should  bo  determined  if  possible  in  anj  particular  case,  but  is  usually 
about  equal  to  the  brake  horsepower  of  the  engine.  Then  the  ratio  of  the  energy  ;o  be 
dissipated  to  the  energy  dissipated  per  square  foot  frontal  area  of  core  will  give  the  frontal  area 
required.  From  the  weight  and  head  resistance  the  effect  of  the  radiator  on  the  aerodynamical 
properties  of  the  plane  can  be  determined. 

In  the  case  of  a  radiator  placed  in  the  nose  of  the  fuselage,  until  better  data  are  available, 
the  mass  flow  of  air  in  pounds  per  second  per  square  foot  may  be  considered  numerically  as 
between  0.04  and  0.07  times  the  speed  of  the  plane  in  miles  per  hour,  depending  on  the  amount  of 
cowling  and  the  masking  effect  of  the  propeller.  From  this  the  mass  flow  can  be  estimated,  and 
tho  energy  dissipated  per  square  foot  frontal  area  is  determined  from  the  plots,  using  the  mass 
flow  scale. 

The  mass  flow  for  a  wing  radiator  depends  upon  the  angle  of  incidence,  but  is  probably  not 
over  0.01  times  the  plane  speed  in  M.  P.  H.,  even  at  the  best  climbing  angle.  The  tubes  are  in  this 
case  presented  to  the  air  at  an  angle  which  probably  increases  the  heat  transfer  considerably. 

POWEK  ABSORBED. 

Power  absorbed  can  be  computed  readily  only  in  the  case  of  a  radiator  in  an  unobstructed 
position.  The  actual  force  on  the  radiator  core  when  in  an  obstructed  position  may  be  com- 
puted from  the  curves  of  head  resistance  against  mass  flow,  but  the  uncertain  effect  en  the 
properties  of  the  fuselage  is  of  far  greater  importance.  For  obstructed  radiators,  the  oower 
absorbed  as  computed  represents  only  the  minimum  possible  absorption. 
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RATE  OF  WATER  FLOW. 

Although  the  energy  dissipated  as  given  in  the  curves  is  practically  constant  for  rates  of 
water  flow  above  about  2  gallons  per  minute  per  foot  width  per  inch  depth  of  core,  the  allow- 
able mean  temperature  increases  slightly  with  increased  water  velocity,  since  it  is  the  tempera- 
ture of  the  entering  water  that  must  be  kept  at  a  certain  point  belo  w  boiling;  With  a  flow 
of  \i  gallon  per  minute  per  horsepower  dissipated  a  temperature  difference  of  about  20°  F. 
is  obtained,  or  the  mean  water  temperature  in  the  radiator  is  10°  F.  below  the  entering  water 
temperature.  If  the  flow  is  increased  to  y2  gallon  per  minute  the  temperature  difference  will 
be  10°  and  the  mean  temperature  may  be  5°  higher  than  before.  A  further  increase  in  water 
flow  could  not  give  more  than  5°  further  increase  and  would  probably  be  at  the  cost  of  an 
excessive  loss  of  power  in  the  pump.  A  flow  of  ]/2  gallon  per  minute  per  horsepower  dissipated 
may  be  regarded  as  desirable,  while  with  radiators  that  arc  relatively  long  and  narrow  a  decrease 
of  flow  to       ottil°n  Per  minute  per  horsepower  dissipated  may  be  necessary. 

PRESSURE  NECESSARY  TO  PRODUCE  WATER  FLOW. 

The  pressure  which  is  available  to  produce  the  water  flow  is  usually  the  difference  between 
the  vapor  pressure  of  the  water  leaving  the  radiator  and  atmospheric  pressure.  As  this  pressure 
difference  may  be  only  about  5  pounds  per  square  inch,  the  resistance  of  the  core  to  water  flow 
may  limit  the  possible  (low  seriously  unless  care  is  taken  to  make  the  core  as  wide  as  possible. 

The  water  resistance  of  a  core  seems  to  depend  largely  on  the  care  used  in  manufacture 
and  on  the  form  of  the  water  tube  entrances  and  exits.  In  the  light  of  tests  made,  it  seems  that 
it  would  be  well  to  include  a  test  for  pressure  necessary  to  produce  water  flo  w  in  acceptance 
specifications  for  complete  radiators,  as  slight  variations  in  manufacture  afTeet  water  resistance 
greatly.    In  Part  II  of  this  report  are  given  the  results  of  some  tests  on  water  resistance. 

DESCRIPTION  OF  TABLES  AND  CURVES, 

In  order  to  indicate  the  degree  of  reliability  of  the  results  shown,  actual  observations  are 
indicated  on  the  plots  by  circled  points,  and  at  the  end  of  this  report  is  a  brief  statement  showing 
the  means  used  in  obtaining  results  for  the  cases  where  "observed"  points  are  not  shown. 

Table  I  contains  the  cliaracteristics  of  cores  as  noted  above  and  sketches  showing  the  form 
of  air  and  water  passages.  This  table  includes  certain  special  types  of  core  on  which  complete 
tests  have  not  been  made  and  which  are  accordingly  not  included  in  this  report.  The  special 
properties  of  such  cores  will  be  made  the  subjects  of  separate  reports. 

Table  II  lists  the  properties  of  the  cores  at  mass  flows  of  air  of  2,  4,  6,  and  8  pounds  per 
square  foot  per  second,  in  order  to 'allow  ready  comparison  between  them.  It  also  includes 
the  heat  transfer  in  B.  t.  u.  per  minute  per  square  foot  of  frontal  area  of  core,  and  in  horse- 
power and  in  B.  t.  u.  per  minute  per  square  foot  of  cooling  surface. 

Table  III  lists  the  same  properties  as  Table  II  at  free  air  speeds  of  30,  60,  90,  and  120 
miles  per  hour.  In  addition,  it  gives  the  mass  flow  (at  '"standard"  density)  corresponding  to 
these  free  air  speeds,  and  a  "grade"  for  the  radiator,  grade  A  denoting  very  good  performance 
and  grade  E  very  poor  performance,  among  the  cores  tested.  This  table  is  directly  applicable 
only  to  radiators  in  unobstructed  positions. 

Table  IV  gives  constants  of  empirical  equations  for  heat  transfer,  head  resistance,  and 
mass  flow,  for  cores  in  unobstructed  positions. 

Plot  1  is  an  approximate  empirical  relation  between  the  proportionality  factors  for  head 
resistance  and  mass  flow. 

The  remaining  plots  show  the  properties  of  the  cores  in  terms  of  mass  flow  of  air,  with  the 
corresponding  free  air  speeds  (for  unobstructed  positions)  indicated  by  a  scale  added  at  the 
top  of  the  sheet.  For  the  core  E-4,  the  mass  flow  is  not  a  linear  function  of  the  free  air 
speed,  and  a  separate  plot  shows  the  properties  in  terms  of  free  air  speed.  For  the  core  G-4, 
the  relation  of  mass  flow  to  free  air  speed  is  linear  above  15  miles  per  hour,  but  not  below  that 
speed,  which  fact  accounts  for  what  would  appear  to  be  an  error  in  marking  the  free  air  speed 
scale  of  plot  58. 
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NOTE  ON  SOURCES  OF  DATA. 

Because  of  the  undesirability  of  removing  the  headers  from  all  specimens  so  that  head 
resistance  could  be  measured  directly,  and  because  certain  mechanically  weak  specimens  became 
damaged  before  complete  tests  had  been  made,  a  part  of  the  data  was  obtained  not  from  direct 
measurement  hut  by  the  methods  described  below. 

Mass  flow  of  air  was  measured  in  terms  of  free  air  speed  on  all  specimens  except  E-7,  and  in 
this  case  was  estimated  by  interpolation  between  the  values  for  E-6  and  E-8. 

Heat  transfer  was  measured  in  terms  of  mass  flow  of  air  on  all  types  except  the  following: 

E-4,  estimated  by  interpolation  between  the  values  for  two  similar  types  of  the  same 
depth,  but  different  spacings. 

E-6,  E-7,  determined  by  correction  from  preliminary  tests  made  before  the  apparatus 
was  put  in  final  form. 

F-5,  estimated  from  results  obtained  on  a  similar  type  of  slightly  different  depth. 

Head  resistance  was  measured  directly  on  half  of  the  cores  included  in  this  report,  and  on  a 
number  of  others  not  included,  and  the  proportionality  factor  for  head  resistance  was  plotted 
against  that  for  mass  flow,  in  the  cases  of  about  40  types  having  smooth  straight  air  passages. 
The  resulting  points  fell  very  near  a  single  line,  which  is  shown  in  plot  1,  and  this  plot  was  used 
to  determine  head  resistance  from  a  measured  mass  flow  factor  for  other  types  with  smooth 
straight  air  passages.    Values  thus  obtained  arc  probably  good  within  about  5  per  cent. 

The  cores  A-19  to  A-22  andG-2  could  not  be  treated  in  this  way  because  points  for  similar 
types  did  not  lie  on  the  curve  of  plot  1,  and  in  these  cases  the  head  resistance  was  estimated 
by  comparison  with  other  similar  types  and  with  the  plot. 

Head  resistance  of  type  C-2b  was  determined  by  interpolation  with  respect  to  mass  flow 
between  values  for  C-2  and  C-2a. 

Head  resistance  of  types  E-6,  7,  and  8  was  determined  from  the  results  of  a  fairly  com- 
prehensive set  of  tests  on  the  head  resistance  of  flat  plate  radiators  of  various  depths  and  spacings. 


Table  I. — Characteristics  of  radiators. 


Number  

Depth  inches. 

Metal: 

Wator  tubes  

Fins  

Thickness  of  metal  inches. 

Weight,  lbs/ft."  front: 

Empty  

Wator  content  

Killed  

Percent  froearea  

Cooling  surface,  ft. '-'/ft.-  front  

1'ercent  direct  cooling  surface... 
Water  tubes: 

Length,  in./ft.  of  core  

Width  inches. 

Depth  inches. 

Number  per  foot  

Area  normal  to  flow,  ft.  /ft .. 

Hydraulic  radius  inches  

Air  tubes: 

Hi  draulic  radius  inches. 

Iiatio,  longth-^hyd.  rad  

Number  of  plct  


Brass  


A-4 
25 


Brass... 
Copper. 
0.006 


11.6 
2.1 
13.7 
76.5 
28.6 
44.1 

12.0 

.0581 
2.75 
30 

.0333 


.078 
37.1 


A-5 

3 


Brass.. 


0.010 

10.3 
3.1 
13.4 
08.0 
36.6 
47.3 

12.0 
.061 
2.74 
42 

.0191 
.031 


53.2 
6 


A-6 
4 


Brass. . 


0.010 

13.9 
3.4 
17.3 
74.9 
49.1 
46.6 

12.0 
.051 
3.60 
40 

.0541 
.027 

.061 
65.0 


A-7 
41 


A-8 
28 


Brass   Brass... 


0.005 

17.1 
7.2 
24.3 
61.2 
62.6 
52.2 

12.0 
.078 
4.  45 
48 

.1156 
.038 

.050 
97.2 
8 


0.005 

8.2 

2.6 
10.8 
66.2 
30.3 
47.8 

12.0 
.0641 
2.06 
45 

.0411 
.0312 

.052 
45.4 
9 


A-9 


A-10 


2j 

Brass....  Brass.. 


0.005 

10.0 
3.2 
13.2 
66.8 
37.3 
47.7 

12.0 

.066 
2.49 
45 

.0510 
.032 

.052 
54.8 
10 


0.005 

13.4 
4.9 
18.3 
67.8 
51.1 
54.2 

12.0 


.052 
75.0 


A-ll 

A-12 

A-13 

n 

31 

31 

Brass.... 

Brass.... 

Brass.... 

0.005 

0.005 

0.005 

15.1 

14.6 

11.3 

2.9 

3.0 

3.2 

18.0 

17.6 

14.5 

65.0 

09.2 

70.4 

61.7 

39.4 

43.9 

48.3 

40.6 

50.3 

12.0 

12.0 

12.0- 

.033 

.063 

.0518 

4.45 

3.11 

3.00 

45 

36 

47 

.0916 

.0486 

.0507 

.016 

.0308 

.0255 

.051 

.063 

.055 

92.8 

55.7 

61.1 

11 

12 

A-14 

34 

Copper.. 

r°oPPoS(r" 


A-15 


Brass.. 


IS.  2 
3.5 
21.7 
72.1 
46.3 
48.6 

12.0 
.054 
3.80 
37 

.0565 
.0285 


63.1 
13 


.061 


12.1 
3.0 
15.1 
53.0 
35.3 
42.7 

12.0 
.  0545 
2.60 
49 

.  0 182 
.0364 

.047 
63.4 
14 


A-16 
3 


Brass.. 


0. 001 

12.1 
2.4 
14.5 
69.8 
34.6 
43.9 

12.0 
.051 
2. 68 
40 

.0378 
.0249 

.062 
48.6 
15 


A-17 
4 


Brass. 


15.8 
3.0 
18.8 
72.1 
47.1 
43.5 

12.  0 
.048 
3.63 
40 

.0480 
.024 

.062 
64. 6 
16 


-2 

CO 


H 

CO 

o 

H 
■ji 
H 
co 

O 

- 

> 

a 
> 

H 
O 
S) 
CO 

14 
o 

B 
t 

w 
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% 

H 


2$ 
B 
CO 


Number  

Depth  inches. 

Metal: 

Water  tubes  

Fins  

Thickness  of  metal  inches. 

Weight,  lbs. /ft.2  front. 

Empty  

Water  content  

Fillod  

Per  cent  free  area  

Cooling  surface  ft.'-'/ft.-  front  

Per  cent  direct  cooling  surface... 
Water  tubes: 

Length,  in./ft.  of  cire  

Width  inches. 

Depth  inches. 

Number  por  foot  

Aroa  normal  to  How,  ft.2/ft.. 

Hydraulic  radius  inches. 

Air  tubes: 

Hydraulic  radius  inches  . 

Ralio,  length-*- liyd.  rad  

Number  of  plot  


A-  is 
4 


Brass. 


A-19 
3 


Brass. . 


A-20 
5 


Brass... 


A-21 

3 

Brass... 


A-22 
4 


Brass. 


A-23 
5 


Brass... 


Indirect  surface 
perforated. 


B-l 
21 

Copper. . 


B-2 
4 

Copper. . 


B-3 

3 


Brass.... 


B-4 

31 


Brass... 


B-5 
2 


Brass... 


B-6 
31 

Brass.... 


B-7 
4 

Coppor.. 


B-8 

51 

Brass.... 


B-9 
31 

Brass.... 


B-10 
21 

Brass.... 


B-ll 
3 


Brass. 


0. 004 

8.9 

2.9 
11.8 
83.0 
27.6 
46.7 

12.0 
.089 
3.65 
21 

.  0 159 
.042 


0.005 

13.8 
3.1 
16.9 
67.7 
40.3 
86.9 

24.0 
.028 
2.64 
48 

.0249 
.014 

.051 
58.9 
18 


0.005 

22.9 
5.4 
28.3 
66.9 
66.8 
92.1 

24.0 
.028 
4.63 
48 

.0435 
.014 

.050 

100 
19 


0.009 

9.3 

3.5 
12.8 
65.6 
31.5 


24.0 
.041 
2.59 
39 

.  0284 
.0199 

.063 
47.2 
20 


0.005 

12.5 
4.3 
16.8 
66.6 
42.5 
91 

24.0 

.0348 
3. 67 
39 

.0318 
.0178 

.063 
63.4 
21 


0.005 

15.6 
6.3 
21.9 
68.5 
54.5 
91.8 

24.0 
.0402 
4.64 
39 

.0505 
.0199 

.064 
78.1 
22 


0.006 

6.70 

1.06 

7.76 
83.6 
21.6 
37.5 

13.9 
.050 
2.21 
17 

.0148 
.11270 


28.6 
23 


0.006 

10.7 
.63 
11.3 
88.0 
36.1 
34.6 

13.9 
.019 
3.78 
18 

.0087 
.0091 


45.2 
24 


0.005 

9.3 

2.0 
11.3 
79.6 
26.8 
58.6 

13.9 
.043 
2.68 
30 

.0276 
.0245 

.090 


25 


0.005 

12.3 
2.1 
14.4 
72.7 
37.2 
28.0 

13.9 
.051 
2.88 
29 

.0295 
.025 

.053 
61.9 
26 


0. 00 1 

5.5 

1.0 

6.5 
81.2 
23  8 
27.8 

13.9 
.0524 
1.73 
22 

.0139 
.026 

.071 
28.9 
27 


0.005 

8.8 

1.7 
10.5 
79.0 
37.9 
26.7 

13.9 

.057 
2.68 
22 

.  0232 
.028 

.070 
46.9 
28 


0.005 

10.7 
2.3 
13.0 
77.0 
45.8 
27.7 

13.9 
.062 
3.40 
22 

.0315 
.0298 

.070 
57.2 
29 


0.005 

13.9 
4.2 
18.1 
73.3 
56.1 
30.3 

13.9 
.0822 
4.84 
21 

.  0597 
.040 

.069 
76.2 
30 


0.004 

10.4 
4.0 
14.4 
65.1 
36.2 
66.5 

14.8 
.0788 
3.06 
31 

.0521 
.0386 


0.005 

7.4 

3.1 
10.5 
65.1 
25.5 
62.7 

14.8 

.079 
2.03 
36 

.  0102 
.038 


0.005 

8.9 

3.9 
12.8 
65.1 
30.4 
64.8 

14.8 
.082 
2.50 

36 

.0511 

.  0396 


00 
01 


32 


33 


Tabu  I. — Characteristics  of  radiators — Continued . 


Number  

Depth  inches. 

Metal: 

Water  tubes  

Fins  


Thickness  of  metal  inches. 

Weight,  lbs./ft.'  front: 

Empty  

Water  content  

Filled  

Per  cent  free  aroa  

Cooling  surface  ft.J/ft. 1  front. 

I'er  cent  direct  cooling  surface. . . 
Water  tubes: 

length  in./ft.  of  core. 

Width  inches. 

Depth  inches. 

Number  per  foot  

Area  normal  to  (low...ft.2/ft. 

H5  draiilie  radius  inches. 

Air  tubes: 

Hydraulic  radius  inches. 

Ratio,  longth-s-hyd.  rad. 
umber  of  plot  


a  a 
21 

■a  o 

w . 

siz 

3 


C-2b 


Brass. . 


0.005 

16.7 
7.6 
24.3 
62.5 
56.7 
75.9 

13.9 
.118 
7.46 

26 
.1575 
.062 


SB 

x>2 


C-3 
8r 

Copper.. 
0.096 


6.2 


81.6 
51.5 
57.3 


C-3a 
8* 

Copper. . 
Brass... 

0.005 


C-4 
2i 

Brass.. 


5.0 


83.9 
64.0 
46.9 


13.9      '  13.9 
.0781  I  .0695 

7. 18  7. 21 

22       ;  20 

.0856  .0699 
.039  .0345 


39 


0.005 

9.2 

3.9 
13.1 
62.6 
32.0 
57.2 

13.8 

.073 
2.50 
43 

.0546 
.0355 

.062 
47.1 
40 


C-5 
31 

Copper.. 


0.005 

18.3 
7.1 
25.4 
49.5 
35 
100 

17.2 

.060 
3. 42 
55 

.079 
.030 


41 


C-6 

3 

Copper.. 
0.006 

9.1 

3.6 
12.7 
70.9 
30.4 
46.4 

15.8 
.068 
2.52 
27 

.0320 
.033 

.074 
40.7 
42 


C-7 
3} 

Copper. . 

0.007 

10.5 
4.1 
14.6 

70.8 
32.5 
46.4 

16.8 
.088 
3.06 
25 

.0468 
.0427 


D-l 
2| 

Copper. . 
Brass... 
0.010 

8.5 

2.2 
10.7 
75.8 
23.7 
46.8 

12.0 

.074 
2.20 
29 

.0348 
.038 


D-2 
8 


Brass.. 


0.01 

26.9 
7.2 
34.1 
68.7 
84.1 
44.9 


D-3 
31 

Brass.. 


13-4 
31 

Brass.. 


0.011 

12.8 
6.2 
19.0 


0.011 

9.1 
3.9 
13.0 


A  i"<  h 
pitch. 
2  sections 
deep. 


E-l 

*i 

Coppor. 


32.  6 
83.1 


42.0 
42.1 


12.0   

.0925   

7.50  2.94 

24  58 

.  1155   

.0459   


.0873 
2.90 
29 

.0510 


0.004 

13.6 
5.2 
18.8 
72.2 
25.0 


12.0 

.073 
2.26 
76 

.0824 
.037 


oo 


> 

d 
P 

H 
H 

O 
W 
H 

> 

O 

> 

a 
< 
>— i 

w 
o 
a 
* 

a 
o 

t—t  ' 

H 
H 
H 
H 

« 
O 

w 

s 

o 

> 

q 

ft 

Cfi 


Number  

Dopth  inches.. 

Metal: 

Water  tubes  

Fins  

Thickness  of  metal  inches. . 

Woight,  lbs./ft.'  front: 

Empty  

Wator  content  

Filled  

l'orcont  free  area  

Cooling  surface  ft.2/ft.'front.. 

Per  cent  direct  cooling  surface  

Water  tubes: 

Length  in./ft.  of  core.. 

Width  inches.. 

Depth  inches.. 

Number  per  foot  

Area  normal  to  flow...ft.2/ft.. 

Hydraulic  radius  inches.. 

Air  tubes: 

Hydraulic  radius  inches.. 

Katio,  length+hyd.  rad  

Number  of  plot   


■ft  inch 

■f,  inch 

pitch. 

pitch. 

3  sect. 

4  sect. 

deep. 

deep. 

E-2 

F,-3 

7! 

9} 

Copper.. 

Copper. 

0.005 

0.005 

20.4 

27.2 

7.9 

10.9 

28.3 

38.1 

71.5 

71.4 

37.2 

49.6 

93.0 

94.8 

12.0 

12.0 

.073 

.073 

2.26 

2.26 

114 

152 

.  1264 

.174 

.037 

.037 

1  inch 
pitch. 
4  sect, 
deep. 


E-4 
91 

Coppor. 


0.005 

16.3 
6.4 
22.7 


29.5 
94.6 

12.0 

.073 
2.26 
60 

.174 
.037 


|  inch 
pitch. 
4  sect, 
deep. 

E-5 
9} 

Copper. 


!= 


0.005 

14.2 

5.7 
19.9 
88 
25.5 
97.3 

12.0 

.073 
2.2i 
80 

.174 

.037 


i  inch 
pitch. 


E-6 
93 

Copper. 

"6." 004" 


i  inch 
pitch. 


E-7 
9J 

Copper.. 


16.8 
9.3 
26.1 
75.0 
78.5 
100 

12.0 

.0525 
9.74 
48 

.170 
.0108 


48  &  49 


104 

50 


.0938 


I).  1)111 

11.2 
6.5 
17.7 
83.3 
52.3 
100 

12.0 

.0525 
9.74 
32 

.113 
.0108 

.156 
62.5 


1  inch 
pitch. 


K-8 
9} 


K-9 
23* 


Copper..  Copper.. 


0. 004 

9.2 

5.0 
14.2 
87.5 
39.2 
100 

12.0 

.0525 
9  74 
24 

.085 
.0108 

.218 
44.7 
52 


F-l 
2] 

Copper. 


»39.0 
9.8 
M8.8 

85 

68.9 


12.0 
.062 
1.86 
176 

.1366 
.0142 


0.011 


1.7 


F-2 
23 

Copper. 


0.006 


15.' 9 

25]  0 

49.7 

43.0 

34.5 

37.9 

23.8 

14.6 

18.2 

12.3 

12.0 

12.0 

12.0 

12.0 

12.0 

.235 

1 

.235 

42 

42 

90 

72 

72 

.0273 

.0249 

.0237 

.0216 

.068 

.068 

.059 

.085 

.059 

1.81 
29 


13.1 
.0723 
1.30 
34 

.0222 
.031 


.0212 
.033 


56 


57 


58 


>TubK. 


*  Fins. 


I  Estimated. 
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All  values  except  energy  dissipated  per  >qraie  fcot  reeling  turface  are  reduced  1o  1  square  foot  of  frontal  area. 
Head  resistance,  horsepower  absorbed,  and  figure  of  merit  apply  to  tadiafor  in  an  unobstructed  position. 


Energy  dissipated  per  square  foot- 

Hadiator. 

Air 

Front. 

Surface. 

Head 

H.  P. 

Figure  of 

resistance. 

absorbed . 

meril. 

H.  P. 

B.  t.  u. 

H.  P. 

B.  t.  ll 

Min. 

Mill. 

A-l 

2 

19.6 

831 

0.50 

21.1 

1.2 

0.3 

70.5 

4 

32-  8 

1 . 390 

.83 

35. 4 

4.7 

1.1 

31.3 

6 

44-3 

1 . 880 

1. 13 

47.8 

10.5 

2.9 

16.1 

8 

54-6 

2.320 

1.39 

59.0 

18.8 

6.1 

9.1 

A-2 

20.6 

874 

.40 

16.8 

1.3 

.  4 

55.1 

4 

36-8 

1 . 560 

.71 

30.0 

5.3 

1.3 

2S  2 

6 

51  ■  2 

2, 170 

.99 

41.8 

11.7 

3.4 

15. 2 

8 

65-  2 

2 . 760 

1.26 

53.1 

21.0 

7.2 

9.2 

A-3  

o 

12.3 

522 

.41 

17.2 

.6 

.  1 

79.0 

4 

19.9 

844 

.66 

27.8 

2.1 

.5 

41.3 

6 

26. 5 

L,  120 

.87 

37.0 

4.7 

1.2 

227 

8 

32.5 

1,380 

1.07 

45.5 

8.4 

2.4 

13.4 

A-4 

2 

12.8 

543 

.45 

19.0 

.8 

.2 

63  3 

4 

22-2 

942 

.78 

32.9 

31 

.7 

32.4 

6 

3D.  4 

1,290 

1. 16 

45. 1 

6.9 

1.8 

17.6 

■  8 

37. 8 

1 .600 

1-32 

56.0 

12.4 

3.6 

10.4 

A-5.  . 

16.1 

683 

.44 

18.7 

1. 1 

.3 

68.8 

4 

27. 4 

1 . 160 

•  75 

31.7 

4.1 

.9 

31.7 

0 

37. 7 

1 , 600 

1.00 

43. 7 

9.1 

2.3 

16.3 

9.6 

8 

47-3 

2, 010 

1. 29 

54.9 

16.2 

5.0 

A-6...  . 

2 

17.8 

755 

.36 

15.4 

1  ■  1 

■  3 

61.0 

4 

31- 1 

1,320 

.63 

26.9 

4.5 

1.1 

2S.4 

6 

42. 7 

1 .  X 1 1 ) 

.87 

36.9 

10.1 

2.7 

15. 7 

8 

53-  7 

2.  2  NO 

1.09 

46.4 

18.1 

5.8 

9-2 

A-7  

2 

25.1 

1,060 

.40 

16.9 

1  ■  4 

■  4 

58- 0 

4 

42.8 

1, 820 

.  68 

29. 1 

5.6 

1.5 

29.4 

6 

57. 7 

2, 450 

.92 

39. 2 

12.3 

3.7 

15.7 

8 

71-3 

3. 020 

1. 14 

48. 2 

21.9 

7.6 

9.4 

A -8  

2 

13  3 

564 

.44 

18.6 

1. 1 

■  2 

64.0 

4 

22.  7 

963 

.75 

31.8 

4.1 

.8 

28.0 

6 

31-5 

1 , 340 

1.04 

44.2 

9.1 

2  2 

14.4 

* 

39-  7 

1,680 

1.31 

55.5 

15.7 

4.7 

8-7 

A-a  .. 

2 

16.8 

712 

.45 

19.1 

1.2 

67.8 

4 

29- 7 

1.260 

.80 

33.8 

4.7 

1.0 

31.2 

6 

41. 1 

1. 740 

1- 10 

46.  7 

10.6 

27 

15.2 

| 

51. 7 

2, 190 

1.39 

58-7 

18.8 

59 

8.9 

\-12 

9 
1 

14.7 

323 

.29 

12. 2 

■  9 

3 

56.3 

4 

25  4 

1.080 

.50 

21. 1 

3  3 

.8 

30.3 

6 

35.4 

1, 500 

.69 

29. 4 

7.5 

2.1 

17.3 

8 

44-  9 

1 . 900 

.88 

37.2 

13.3 

4.3 

10.7 

A-13 

2 

15.8 

670 

.36 

15. 3 

■  9 

.2 

68-0 

4 

27. 4 

1, 160 

.62 

26.  4 

3.4 

.8 

35. 2 

6 

38  6 

1.630 

.88 

37.1 

7.6 

1.9 

19-9 

8 

49.2 

2.090 

1.12 

47.6 

12.9 

4.0 

12. 3 

A-14.... 

2 

19  3 

819 

.42 

17.7 

1. 5 

.4 

46.8 

4 

33-8 

1.430 

.73 

30.9 

5.9 

1.5 

22.6 

6 

45-  7 

1. 940 

.99 

41.9 

13. 4 

39 

11.7 

8 

56.2 

2,380 

1-21 

51.4 

23  8 

8.3 

6.7 

A-15  

2 

15  6 

662 

.44 

18.8 

1.9 

.4 

40. 0 

4 

29  2 

1,240 

.83 

35- 1 

7.2 

1.6 

18.2 

6 

42  2 

1 . 790 

1.20 

50.  7 

16.5 

4.7 

9.0 

8 

54.7 

2.320 

1.55 

65-7 

29. 7 

10. 5 

5.2 

A-16  

2 

13  4 

568 

39 

16.4 

.2 

P3.0 

4 

22  9 

971 

.66 

28.0 

2.9 

.7 

32.5 

6 

31. 7 

1.340 

.92 

38.7 

6.6 

1.8 

18  0 

8 

39  8 

1,690 

1.15 

48.8 

11-8 

3.7 

11.0 

A  17 

2 

15. 7 

686 
1.190 

.33 

14.1 

.9 

.3 

54.0 

4 

28. 1 

.60 

25.3 

3.7 

.9 

'  29-5 

1 

39  8 

1.690 

.85 

35. 9 

8.3 

2.3 

17.2 

S 

51.2 

2.170 

1.09 

46.1 

14.7 

4.9 

10.7 

A-18  

2 

9.4 

399 

.34 

14.5 

.6 

.2 

56.7 

4 

15  2 

645 

.55 

23/4 

2  4 

.6 

27.7 

"6 

19  3 

819 

.70 

29.7 

5.3 

1-4 

14.2 

8 

22  5 

954 

.82 

34-6 

9.5 

2.9 

8.2 

2 

15  6 

662 

.38 

16.4 

.S 

.3 

60.1 

4 

27.7 

1.170 

.68 

29.0 

34 

.8 

32.4 

S 

39  2 

1.660 

.97 

41.2 

7.5 

2.1 

18.7 

8 

50.7 

2.150 

1.26 

63.3 

13. 4 

4.4 

11. 7 

A-20  

2 

23.6 

1.000 

.35 

15.0 

1.6 

.5 

46.0 

* 

42.6 

1.810 

.64 

27.1 

5.9 

1.7 

24.9 

« 

60.2 

2.550 

.90 

38.2 

13.2 

4.2 

14.4 
8.9 

8 

76.7 

3.250 

1.15 

48.7 

23.6 

8.7 
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Table  II. — Radiator  performance  in  terms  of  mass  flow  of  air — Continued. 


Energy  dissipated  per  square  foot- 

Head 
resistance. 

H.  P. 
absorbed. 

Front. 

Surface. 

n.  p. 

B.  t.  u. 
Mln. 

II.  P. 

B.  t.  u. 
Mil.. 

2 

12. 1 

513 

0  3^ 

In.  it 

1.1 

0.2 

4 

21.2 

899 

.67 

28. 5 

4.3 

.9 

6 

30.3 

1  280 

.96 

40. 6 

9.5 

2.5 

8 

39^3 

l!670 

L25 

53.0 

17.0 

5.5 

2 

15. 6 

662 

.37 

1.). ii 

1.0 

.3 

4 

2S.  2 

1 ,200 

.66 

2K  2 

4.3 

1.0 

6 

39. 6 

1  080 

.  93 

9.6 

2.7 

8 

60.3 

2, 130 

1. 18 

;>0.  2 

17.3 

5.7 

2 

18.0 

763 

.33 

14.0 

1. 1 

4 

33. 1 

1  400 

61 

25. 7 

4i3 

ij 

6 

47. 0 

1  990 

36. 5 

9.6 

2.8 

8 

60. 4 

2  560 

I  11 

47. 0 

16.5 

5.7 

2 

9.0 

382 

.42 

17.7 

.6 

.1 

4 

15.  0 

636 

.  69 

29. 5 

2. 1 

1 4 

6 

19.8 

840 

.  92 

38  9 

4.7 

i!i 

8 

23. 8 

1,010 

1. 10 

to.  1 

8.4 

2.3 

10 

27.5 

1,170 

L27 

54.1 

13.1 

4.2 

2 

12.5 

530 

.35 

14. 7 

•  8 

•  2 

4 

19.3 

819 

.  53 

22.  7 

2'.  5 

!.■> 

6 

24.6 

1 ,040 

.  (i1* 

2s  s 

5.7 

1.4 

8 

'29. 1 

1  230 

si 

34. 1 

10.0 

2.9 

in 

33^3 

l)410 

'92 

39.1 

15.7 

5.3 

2 

10.1 

428 

.38 

10.0 

.8 

.2 

4 

17.0 

721 

.63 

26.9 

2.4 

.5 

6 

22.7 

963 

.85 

35.9 

5.5 

1.3 

8 

27.  7 

1,170 

1.03 

43.7 

9.9 

2.8 

10 

32. 5 

1  380 

1.21 

51.5 

15.5 

5.2 

2 

18.8 

797 

.  51 

01  A 

i  1  .  1 

1.2 

.  3 

4 

29.1 

1,230 

!78 

33. 1 

4^9 

1 . 1 

6 

37.5 

1,590 

l.oi 

42.7 

10  9 

2. 8 

8 

45.2 

1,920 

1.22 

51.6 

19!  4 

8.2 

2 

10.1 

428 

.42 

18.0 

.  7 

.1 

4 

15. 0 

636 

.63 

26.7 

3.0 

.5 

6 

19. 1 

814 

80 

34. 2 

6.7 

1.5 

g 

22.  S 

867 

.  96 

40  0 

11. 9 

3.3 

2 

14.7 

623 

.39 

16.4 

p 

•  2 

4 

21.8 

925 

.58 

24.4 

3. 5 

6 

27.6 

1,170 

.73 

30.9 

7^9 

to 

8 
10 

33.0 

1,400 

.87 

36.9 

14.0 

4.1 

3S.3 

1,620 

1.01 

42.7 

21.9 

7.7 

2 

17.3 

734 

.38 

18.0 

1. 1 

0 

4 

26.5 

1,120 

.58 

24.4 

4.8 

1.0 

6 

33.8 

1,430 

.74 

31.2 

10.2 

2.6 

8 

40.1 

1,700 

.88 

37.1 

18.1 

5.7 

2 

19.5 

827 

.35 

14.7 

1.6 

#4 

4 

29.9 

1,270 

.53 

22.6 

6.2 

1.8 

t 

38.4 

1,630 

.68 

29.0 

13.8 

3.9 

8 

46.2 

1,960 

.82 

34.9 

24.6 

8.5 

2 

13.7 

582 

.38 

16.1 

1  4 

•  3 

4 

24.6 

1,040 

.68 

28.7 

5^5 

1.2 

e 

34.7 

1,470 

.96 

40.6 

12.4 

3.3 

8 

43.3 

1,840 

1.20 

50.8 

21.8 

7.1 

2 

11.8 

500 

.46 

19.6 

1. 1 

.  2 

4 

20.  S 

882 

.82 

34.6 

4,3 

.9 

8 

29.5 

1,900 

1.16 

49.0 

9.5 

2.4 

8 

37.7 

1,600 

1.48 

62.7 

16.8 

5.1 

2 

14.0 

594 

.46 

19.5 

1.5 

.3 

4 

24.4 

1  ."in 

.80 

34.2 

5.8 

1.3 

6 

8 

33.7 

1.430 

1.  11 

47.0 

13.0 

3.4 

42.5 

1,800 

1.40 

59.2 

23.3 

7.6 

2 

15.0 

636 

.44 

18.7 

1.2 

.3 

4 

26. 1 

1,110 

32.6 

4.8 

1.0 

6 

36.0 

1,530 

L08 

45.  0 

10.7 

2.7 

8 

45.5 

1,930 

1.34 

56.8 

19.0 

6.0 

2 

15.5 

657 

.37 

15.8 

1.5 

.3 

4 

28. 3 

1,200 

.68 

28.9 

5.9 

1.4 

« 

40.6 

1,720 

.98 

41.3 

13.5 

3.7 

8 

52.0 

2,200 

1.25 

52.9 

23.9 

8.0 

2 

12.5 

530 

.39 

16.5 

2.8 

.5 

4 

24.2 

1,030 

*  75 

32.1 

9.7 

2.3 

6 

35.7 

1,510 

1. 11 

47.0 

22.3 

6.9 

2 

15.8 

670 

.33 

13.9 

1.1 

.4 

4 

28.3 

1,200 

.59 

24.8 

4.4 

1.3 

6 

39.6 

1,680 

.82 

34.  S 

9.7 

3.0 

8 

50.4 

2,140 

1.04 

44.3 

17.2 

6.0 

2 

19.7 

835 

.26 

10.9 

2.0 

.6 

4 

29.9 

1,270 

.39 

16.8 

7.4 

2.2 

8 

38.3 

1,620 

.50 

21.1 

16.3 

5.6 

8 

45.8 

1,940 

.60 

25.3 

28.5 

11.5 

Radiator. 


\-22.. 


A -23. 


B-l. 


B-2. 


B-.5. 


B-6. 


B-7 


B-S. 


B-9.. 


B-10. 


B-U. 


B-12. 


B-13. 


O-l. 


C-2a 


Air 
flow. 


1'igure  of 
merit. 
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Energy  dissipated  per  square  foot— 


Mediator. 

Air 
flow. 

Front. 

Surface. 

Head 
resistance. 

H.  P. 
absorbed. 

Figure  of 
merit. 

H.  P. 

B.  t.  u. 

H.  P. 

B.  t.  u. 

Miu. 

Mln. 

2 

24.3 

1,030 

0.43 

18. 2 

1.8 

0.5 

46.5 

37.  0 

1,570 

.65 

27!  7 

-  ] 

n  n 
i.  u 

19. 1 

6 

47.8 

2.030 

.84 

35.8 

16  3 

Ok  Z 

9. 3 

57.  S 

2,440 

1.01 

43.0 

28. 5 

11.1 

4. 9 

2 

21. 8 

925 

.38 

16. 3 

1.6 

6. 5 

.3 

44.2 

i 

33!  5 

1,420 

!59 

23!  0 

1. 9 

42.7 

1,810 

.75 

31.9 

14.  7 

A  7 

9.  <5 

Q 

50.7 

2, 150 

.89 

37.9 

26.  0 

Q  8 

4. 9 

2 

12  11 

547 

.40 

17. 1 

1.0 

.2 

57.2 

4 

22.fi 

959 

!71 

30'.  0 

3.  9 

.  9 

27.  4 

6 

32.2 

1,370 

1.01 

42.6 

S.  6 

2. 2 

14. 6 

8 

41.4 

1,760 

1.30 

55.0 

15.  3 

4.  7 

8. 9 

2 

15.6 

662 

.45 

19.0 

1.7 

.5 

30.7 

4 

29. 0 

1,230 

.83 

35.0 

0.  8 

1. 9 

15. 8 

B 

41.0 

1.71(1 

1.17 

50.0 

15.  2 

4.8 

8.6 

8 

52. 2 

2,  210 

1.  49 

fi3. 0 

27.1 

10.2 

5.2 

C-6 

2 

15.6 

662 

.51 

21.8 

A 
•  V 

2 

71.5 

4 

24.8 

1,050 

.82 

34.5 

3-  7 

■  8 

30.  6 

6 

32.fi 

1.3S0 

1.07 

45.4 

8.3 

2.2 

15.4 

8 

39.6 

1 , 680 

1.30 

55.2 

15.1 

4.0 

8.7. 

2 

14.fi 

010 

.  4o 

in  1 

iy.  1 

1 . 1 

.3 

55. 2 

4 

25.2 

1  070 

.78 

32.9 

4. 4 

1.0 

25.  s 

(; 

31.7 

1,470 

1.07 

45.3 

9. 9 

2.6 

13.3 

8 

43.5 

1,840 

1.34 

56.6 

17!  9 

5.7 

7.8 

D-i 

2 

11.5 

488 

.49 

20.6 

.8 

.2 

60.8 

4 

21.5 

912 

.91 

38.5 

3.3. 

.7 

30. 8 

6 

28. 6 

1,210 

1. 21 

51. 0 

7. 3 

1.9 

15. 5 

8 

34. 4 

1 , 400 

1. 45 

12. 9 

3.9 

8. 8 

2 

26. 1) 

1. 100 

-  31 

13. 1 

2  9 

1.0 

28  0 

4 

41.5 

I  760 

.49 

20.9 

11.3 

3.6 

11.7 

6 

54.7 

2,320 

.05 

27.6 

25.2 

9.5 

5.7 

2 

15.3 

649 

.47 

19.9 

2.8 

.5 

27.4 

4 

27.9 

1,140 

.86 

35.0 

10.3 

2.4 

11.3 

6 

40.2 

1,700 

1.23 

52.1 

22.9 

7.0 

5.7 

2 

14  8 

028 

.  35 

14. 9 

2 

02.  5 

4 

24  5 

1  010 

.  58 

24. 7 

4. 1 

28. 2 

G 

32  9 

I '  400 

.  78 

33. 3 

9  1 

i-  O 

14. 3 

8 

10.  6 

1^  730 

!97 

40!  9 

16.1 

4.9 

8.2 

2 

18. 4 

780 

.62 

26.4 

1. 7 

37  4 

3 

2,;,  0 

1  100 

.  88 

37. 3 

4. 4 

1. 1 

23. 5 

4 

32.7 

l|390 

1.11 

47.1 

7. 9 

2  1 

15  7 

2 

27. 8 

1  180 

.35 

15. 0 

1.4 

.5 

59.8 

4 

48. 8 

2  070 

.62 

20. 4 

5.6 

1.7 

31.2 

67^8 

2, 870 

!se 

3fi!fi 

12. 5 

3  9 

17.  3 

8 

85.0 

3,600 

1.0s 

45.8 

22^4 

8. 2 

10!  6 

2 

15. 8 

670 

.30 

12.8 

,  7 

.8 

03. 0 

4 

29  7 

1  2fi0 

.  57 

24. 1 

2. 7 

.8 

39. 0 

5 

42' 0 

ljsio 

'.SI 

34^6 

6.0 

i!s 

23^9 

8 

55.1 

2,340 

1.05 

44.7 

10.7 

3.6 

15.5 

10 

67.0 

2,840 

1.28 

54.3 

16.7 

6.4 

10.6 

2 

568 

.  34 

14. 5 

.  5 

1 1 

75. 0 

4 

23.2 

(IN  I 

!59 

2o!  1 

1.7 

's 

46^5 

fi 

32.0 

1,360 

.82 

34.7 

3.7 

1.2 

28.8 

8 

40.1 

1,700 

1.02 

43.4 

6.7 

2.2 

18.7 

111 

48.0 

2,030 

1.22 

51.9 

10.4 

3.9 

12.8 

B-9  

2 

18.3 

775 

.27 

11.4 

1.3 

.7 

24.0 

4 

38.4 

1,630 

.53 

22.5 

5.5 

2.1 

17.8 

6 

54.7 

2,320 

.79 

33.5 

11.7 

4.4 

12.3 

8 

72.9 

3,090 

1.06 

44.9 

20.6 

8.5 

8.6 

F-5  

2 

14.7 

623 

.43 

18.1 

3.0 

.5 

36.0 

4 

23.0 

975 

.67 

28.3 

11.7 

2.3 

9.9 

6 

29.4' 

1,250 

.85 

36.1 

26. 2 

7.3 

4. 1 

2 

12.3 

522 

.45 

19.2 

3.8 

.6 

21.2 

19.0 

800 

.70 

29.0 

13.9 

3.2 

6.2 

i 

23.9 

1,010 

.88 

37.1 

30.6 

9.5 

2.5 

0-2  

2 

14.7 

623 

.66 

27.8 

1.6 

.3 

67.5 

4 

23.0 

977 

1.03 

43.  C 

6.3 

1.2 

20.6 

6 

30.0 

1,270 

1.34 

50.7 

14.  1 

3.5 

8  9 

8 

36.6 

1,550 

1.63 

69.2 

25.3 

7.9 

4.7 

2 

24.3 

l,a30 

.54 

23.0 

2.7 

.5 

54.0 

4 

41.5 

1,700 

.93 

39.3 

9.8 

2.1 

19.8 

6 

56.4 

2,390 

1.26 

53.5 

21.fi 

6.2 

9.2 

8 

70.7 

3,000 

1.5S 

67.1 

38.0 

13.9 

5.1 

2 

20.8 

882 

.40 

16.9 

3.6 

.8 

27.6 

4 

33.1 

1,400 

.63 

26.8 

10.8 

2.7 

12.3 

n 

44.7 

1.900 

.86 

36.4 

22.1 

6.9 

6.5 
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Table  III. — Radiator  performance  in  terms  of  free  air  speed(for  unobstructed  petitions  only). 
Speed  is  in  miles  per  hour. 

Grade  A  represents  very  good  performance;  grade  EE,  very  poor. 
All  units  the  same  as  in  Table  II. 


Kadiator. 


A-l. 


Grade. 


Grade. 


A-3. 


Grade 


Grade. 


Grade. 


A-6. 


Grade. 


A -7. 


Grade. 


A -8. 


Grade. 


A-9. 


Grade. 
A-12  


Grade. 
A-13  


Grade. 
A -14  


Grade. 
A-15  


Grade. 
A-16  


Speed.     Air  now. 


30 
60 
90 
120 


60 
90 
120 


30 
60 
90 
120 


30 


90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


60 
90 
120 


30 


90 
120 


30 
60 
90 
120 


Grade. 


30 
60 
90 
120 


2.31 


6.93 
9.25 


2.23 
4.47 
6.70 
8.93 


2.63 
5.25 
7.88 
10.50 


2.40 
4.80 
7.20 
9.60 


2.34 
4.68 
7.02 
9.36 


2.13 
4.26 
6.39 
8.52 


MIX 
3.98 
5  94 
7.92 


2.55 
5.11 
7.66 
10.21 


2.74 
5.51 
8.26 
11.01 


2.20 
4.40 
6.60 


2.41 
4.81 
7.22 
9.62 


2.31 
4.62 
6.92 
9.22 


2.51 
5.02 
7.53 
10.01 


2.50 
5.00 
7.50 
10.00 


Energy  dissipated  per  square  foot- 


Front. 


It.  P. 


21.9 
36.6 
49.2 
60.6 


22.6 
40.3 
56.1 
71.4 


B 


15.3 
25.0 
33.2 
40.3 


16.0 
27.4 
37.4 


18.5 
31.6 
43.5 
54.8 


20.2 
?5.2 

48.3 
60.9 

C 

27.2 
45.9 
61.7 
76  5 


15.3 
26.4 


46.3 


19.0 
33  3 
45.9 
58.0 


17.4 
30.6 
42.7 
54.5 


18.8 

33.0 
46.5 
59.9 


20.3 
35.4 
47.8 
58.7 


15.3 
29.0 
41.7 
54.0 


16.2 
28.0 
38.5 
48.4 


B.  t.  U. 
Min. 


929 
1,550 
2,080 
2,570 


958 
1,710 
2,380 
3,030 


649 
I.  lira  i 
1,410 
1,710 


679 
1,160 
1,580 
1,950 


784 
1,340 
1,840 
2,320 


857 
1,490 
2,050 
2,580 


1,150 
1,950 
2,620 
3,240 


6-19 
1,120 
1,550 
1,960 


806 
1,410 
1,950 
2,460 


738 
1,300 
1,810 
2,310 


797 
1,400 
1,970 
2,510 


861 
1,500 
2,020 
2,490 


619 
1,230 
1,770 
2,290 


687 
1,190 
1,630 
2,050 


Surface. 


If.  r. 


0.50 
.93 
1.25 
1.54 


.44 
.78 
1.08 
1.38 


.50 


1.10 

1.33 


.56 
.IKS 
1.31 
1.61 


1.19 
1.50 


.41 

.72 


.43 
.73 


.50 
.87 
1.21 
1.53 


.51 
.89 
1.23 
1.55 


.34 
.60 
.84 
1.07 


.43 
.75 
1.06 
1.36 


.44 
.76 
1.03 
1.27 


.43 
.82 
I  I B 
1.53 


.47 
.81 
1.11 
1.40 


B.  t.  II. 
Min. 


23.0 
39.5 
53.0 
65.3 


18.5 
32.9 
45.8 
58.3 


21.4 
35.0 
46.4 
56.4 


23.7 
40.6 
55.4 
68.2 


21.4 
36.6 
50.4 
63.4 


17.6 
30.4 
41.7 
52.6 


18.4 
31.1 
41.8 
51.8 


21.4 
36  9 
51.2 
64.8 


21.6 
37.7 
52.2 
65.9 


14.4 

25.4 
35.4 
45.2 


18.1 
31.9 
44.9 
57.9 


18.6 
32.4 
43.7 
53.8 


18.4 
34.8 
50.0 
64.9 


19.8 
34.3 
47.2 
59.3 


Head 
resistance. 

II.  P. 

absort  ed. 

Figure  of 
merit. 

1.56 

0.36 

61.0 

6.23 

1.46 

2B.  0 

14.01 

4.06 

12.1 

24.9 

8.90 

6.8 

D 

D 

C 

1. 63 

.45 

50  7 

6.52 

1.68 

24:i 

14.66 

4.47 

12.5 

26.1 

9.65 

7.4 

D 

I) 

C 

1.00 

.24 

62  7 

4.00 

!97 

25.9 

9.00 

2.65 

12.5 

16.0 

5.78 

7.0 

A 

B 

C 

1.33 

.31 

51.7 

5.33 

1.S8 

2l'- 

12.00 

3.49 

10.7 

21.3 

7.64 

6.0 

C 

C 

C 

1.45 

.31 

59  0 

5.80 

1.32 

23.9 

13.03 

3.72 

11.7 

23.2 

8.22 

6.7 

C 

C 

C 

1.54 

.38 

53.3 

6.16 

1.50 

23.5 

13.95 

4.06 

11.9 

24.6 

8.90 

6.8 

C 

D 

C 

1.72 

50 

54  6 

6.70 

'  1.79 

25^7 

14.90 

4.66 

13.2 

26.3 

9.87 

7.8 

D 

D 

B 

1.54 

.28 

53  9 

5.87 

\'.26 

20^9 

12.80 

3.56 

10.4 

22.3 

7.78 

6.0 

C 

C 

C  • 

1.56 

.32 

59  4 

6.23 

K39 

24.0 

14.00 

3  95 

11.6 

24.9 

8.75 

6.6 

D 

C 

C 

1.31 

36 

1/.  1 

5.25 

li.16 

22.5 

11.82 

3.63 

11.8 

21.0 

7.77 

7.0 

C 

C 

c 

i  jo 

l  ■  w 

■  33 

57. 5 

5.23 

1.27 

26.1 

11.37 

3.38 

13.8 

19.9 

7.24 

8.3 

C 

C 

B 

1.68 

.46 

44.5 

6.74 

1.72 

20.5 

15. 15 

4.60 

10.4 

26.9 

9.91 

5.9 

D 

D 

C 

1.93 

.38 

40.5 

7.03 

1.57 

18.5 

16.20 

4.5  6 

9.1 

29.0 

10.2 

5.3 

D 

D 

D 

1.20 

.31 

52.2 

4.83 

1.20 

23.3 

10  85 

3.25 

11.9 

6.9 

19.3 

7.05 

B 

C 

C 

RESULTS  OF  TESTS  ON  RADIATORS  FOR  AIRCRAFT  ENGINES. 

Tablp:  HI.  —Radiator  performance,  in  terms  of free  air  speed  (for  unobstructed  positions  only)— Continued. 
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Energy  dissipated  per  square  foot- 

Front. 

Surface. 

U  P 

B.  t.  U. 

11.  r. 

B.  t.  u. 

Min. 

Min. 

18.4 

780 

0.39 

16.6 

33.0 

1,400 

.70 

29.7 

47.0 

1.990 

1.00 

12,  :i 

60.4 

2,560 

1.28 

54.4 

11.  s 

488 

.42 

17.7 

17.9 

759 

.65 

27.  5 

22.4 

950 

.81 

34.  4 

26.0 

1, 100 

.94 

40.  0 

18.3 

772 

.45 

19. 1 

32.8 

1.390 

.81 

34.  5 

46.9 

1,990 

1. 16 

49.3 

61.0 

2,590 

1. 51 

64.3 

Q 

24.7 

1,050 

.37 

15.  7 

44.5 

1,890 

.67 

28. 2 

62.9 

2,670 

.94 

39.9 

80.5 

3.410 

1.20 

51.0 

13.4 

568 

.43 

18.0 

23.8 

1,010 

.76 

32.  0 

34.2 

1  450 

1  09 

46  0 

44.5 

1.890 

1.41 

59.8 

J) 

17.5 

742 

.41 

17.5 

31.3 

1,330 

'.74 

31. 3 

44.0 

1,860 

1.04 

43!  9 

56.0 

2,370 

1.32 

;> 

c 

20.3 

861 

.37 

15.8 

37.2 

1,580 

.68 

-Y  '. ' 

52.9 

2,240 

.97 

4l!  2 

68.0 

2,880 

1.25 

53.  0 

B 

11.5 

488 

.53' 

22.6 

18.7 

793 

.87 

36.7 

24.4 

1,040 

1  13 

47. 9 

29.5 

E 

1,250 

1.37 

58!  0 

15.0 

636 

.42 

17.6 

22.9 

971 

.63 

26. 9 

29.2 

1,240 

.81 

34.3 

34.7 

E 

1,470 

.96 

40. 8 

12.7 

538 

.47 

20. 1 

20.9 

886 

.78 

33. 1 

27.9 

1,180 

1.04 

44. 1 

34.  2 

1,450 

1. 28 

54. 1 

20.4 

866 

.55 

23. 3 

31.6 

1,340 

.85 

36.'  0 

40.9 

1,  730 

1. 10 

46. 6 

49.3 

2,090 

1.33 

56. 2 

C 

11.6 

492 

.49 

20.7 

17.4 

738 

.73 

31.0 

22.4 

950 

.94 

39.9 

28.7 

E 

1, 130 

1.12 

47.5 

16.6 

704 

.44 

18.6 

24.7 

1,050 

.65 

27.6 

31.5 

1,340 

.83 

35.2 

38.2 

1,620 

1.01 

42.7 

D 

19.0 

806 

.42 

17.6 

29.1 

1,230 

.64 

27.0 

37.1 

1,570 

.81 

34.4 

44.0 

1,860 

.96 

40.7 

D 

20.2 

857 

.36 

15.3 

31.0 

1,310 

.55 

23.5 

39.8 

1,690 

.71 

30.1 

47.9 

2,030 

.85 

36.2 

D 

Radiator. 


A-17. 


firade. 
A -18  


Grade. 
A-19  


Grade. 
A-20  


Grade. 
A-21  


Grade. 

A -22  


Grade. 

A-23  


Grade. 


Grade. 


M-2. 


Grade. 


Grade. 


(trade. 


11-5. 


Grade. 


Grade. 


B-8. 


Speed. 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
90 
120 


30 
60 
30 
120 


Grade. 


30 
60 
90 
120 


30 
no 
90 
120 


30 
60 
90 
120 


Air  How. 


30 
60 
90 
120 


2.42 
4.83 
7.25 


2.64 
5.28 
7.92 
10.56 


2.45 
4.91 
7. 36 
9.82 


2. 10 
4.21 
6.31 
8.41 


2.29 
4.  .58 
6.88 
9. 17 


2.28 
4.55 
6.83 
9. 10 


2.29 
4.58 
6. 87 
9.16 


2.76 
5.52 
8.29 
11.05 


2. 67 
5. 35 
8.02 
10.70 


2.68 
5.36 
8.04 
10.72 


2.28 
4.56 
6.85 
9.13 


2.58 
5.16 
7.74 
10.32 


2. 48 
4.98 
7.46 
9.95 


2.33 
•1.67 
7.00 
9.32 


2. 12 
4.24 
6.36 
8.48 


Head 
resistance. 


1.34 

5)36 
12.06 
21.5 

C 

I.  02 
4.11 

II.  24 
16.41 

B 

1.26 
5.05 
11.35 
20.2 
C 

1.62 
6.49 
14.60 
25.9 
D 

1.39 
5.55 
12.49 
22.2 

C 

1.40 
5.58 
12.55 
22.3 
C 

1.40 
5.61 
12. 10 
21.3 

C 

1.00 
4.00 
9.00 
16.0 

B 

1.12 
4.47 
10.05 
17.9 
B 

1.11 

4.43 
9.97 
17.7 
B 

1.57 
6.30 
14. 20 
25.2 
D 

1.23 
4.94 
11. 10 
19.7 

c 

1.35 
5.40 
12. 15 
21.6 

c 

1.53 
6.12 
13.  77 
24.5 
C 

1.72 
6.88 
15.48 
27.5 
D 


H.  I'. 
absorbed. 


0.39 
1.41 
3.73 
7.99 


.26 
1.01 
2.74 
5.95 


.35 
1.31 
3.47 
7.46 


.55 
1.88 
4.76 
9. 97 


.30 
1.27 
3.57 
7.87 


.36 
1.39 
3.76 
8. 13 


.44 

1.54 


8. 11 


.20 
.87 
2.51 

5.58 


.26 
1.05 
2.92 
6. 40 


.26 
1.04 
2.89 
6.34 


.34 
1.44 
4.05 
8.92 


.19 


2.95 
6.70 


.26 
1.17 
3.38 
7.54 


.31 
1.36 
3.88 
8.61 


.41 
1.64 
4.52 

S'.l 
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Taiii.e  III. — Radiator  performance  in  terms  of  free  air  speed  (for  unobstructed  positions  only)—  Continued. 


F.nergj-  dissipated  per  square  foot- 

ituuiaior. 

Q peeQ . 

\   ■  '     •  1  All' 

Air  now . 

Front. 

Surface. 

Head 
resistance. 

H.  P. 
absorbed. 

Figure  of 
merit. 

H.  P. 

li.  t.  u. 

n.  P. 

B.  t.  U. 

Min. 

Min. 

B-4)  

30 

2.21 

14.9 

632 

0.41 

17.5 

1.66 

0.35 

43.1 

60 

4.  -12 

26.7 

1,130 

.74 

31.2 

6.  67 

1. 49 

17. 9 

90 

6. 64 

37.6 

1,600 

1.04 

43.2 

15.  00 

4  24 

8. 9 

120 

8. 85 

46.7 

1,980 

1.29 

54.7 

26.  6 

9  37 

5. 0 

C 

.29 

j) 

B  .»  

30 

2.38 

13.5 

572 

.53 

22.4 

1.48 

46.9 

60 

4.  75 

24.2 

1.03  > 

.95 

40.2 

5. 90 

1. 28 

18. 7 

90 

7. 13 

34.  1 

1,450 

1.34 

56.7 

13. 29 

3.  70 

9. 2 

120 

9.50 

43.6 

1,850 

L  71 

72.5 

23. 6 

8. 23 

5.3 

G  rado 

D 

Q 

D 

B-U'  

30 

2. 18 

14.9 

632 

.49 

20.8 

1.71 

.33 

45.7 

60 

4.35 

25.9 

1,100 

.85 

36.1 

6. 85 

1. 47 

17.6 

90 

6.53 

35.9 

1,520 

1.18 

49.8 

15. 40 

4. 26 

8.4 

120 

8.70 

45.3 

1,920 

1.49 

63.2 

27.4 

9. 53 

4.8 

Grade 

D 

D 

j> 

30 

2.30 

16.8 

712 

.49 

20.9 

1.57 

.33 

51.6 

60 

4.61 

29.3 

1,240 

.86 

36.6 

6. 27 

1. 49 

20.9 

90 

6.91 

40.4 

1,710 

1.19 

50.4 

14. 10 

3.99 

10!  1 

120 

9.21 

51.0 

2,160 

1.50 

63.6 

25,  i 

8.85 

5*8 

tirade 

c 

D 

Q 

c 

B-13  :  

30 

2.16 

16.5 

700 

.40 

16.8 

1.73 

.39 

41.9 

60 

4.31 

30.3 

1,280 

.73 

30.9 

6.91 

1  fi2 

18.7 

90 

6. 46 

43.3 

1,840 

1.04 

44.2 

15. 55 

4.  50 

9. 6 

120 

8.61 

55.3 

2,340 

1.33 

56.4 

27. 6 

9. 85 

5.6 

Q  rade 

C 

j) 

D 

C-l  

30 

1.74 

11.0 

466 

.34 

14.5 

1.86 

.39 

28.4 

60 

3.49 

21.2 

899 

.66 

28.0 

7. 45 

1. 67 

12.7 

90 

5.23 

31.2 

1,320 

.97 

41.2 

16. 78 

4.  74 

6. 6 

120 

6.97 

41.4 

1,760 

1.29 

54.7 

29.8 

10.5 

3. 8 

Grade 

C 

D 

D 

£ 

C-2  

30 

2.37 

18.3 

776 

.38 

16.1 

1.63 

.54 

34.2 

60 

4.74 

32.5 

1,380 

.67 

28.5 

6. 13 

1. 79 

18.2 

90 

7. 11 

45.8 

1,940 

.95 

40.0 

13.60 

4. 47 

10.3 

120 

9. 47 

58.2 

2,470 

1.20 

51.1 

24. 0 

9. 30 

6^3 

Grade 

c 

Q 

D 

c 

C-2a  

30 

1.89 

18.9 

802 

.25 

10.5 

1.82 

.59 

32.0 

60 

3.79 

29.0 

1,230 

.38 

16.1 

6. 66 

1.95 

14.8 

90 

5.68 

37.0 

1,570 

.48 

20.5 

14.65 

4. 85 

7.6 

120 

7.57 

44.2 

1,870 

.58 

24.5 

25. 7 

10.0 

4. 4 

Grade  . 

D 

D 

D 

D 

30 

1.91 

23.5 

997 

.41 

17.6 

1.80 

.50 

46.6 

60 

3.81 

35.9 

1,520 

.63 

26.8 

6. 61 

1. 78 

20.2 

90 

5. 72 

46.4 

1,970 

.82 

34.7 

14^60 

4. 58 

10!  1 

120 

7.62 

55.8 

2,370 

.98 

41.7 

25.6 

9.6 

5.8 

Grade 

C 

D 

D 

Q 

30 

1.99 

21.7 

920 

.38 

16.2 

1.76 

.50 

43.4 

60 

3.97 

33.3 

1,410 

.59 

24.9 

6.55 

1. 77 

18. 8 

90 

5.96 

42.5 

l.soo 

.75 

31.8 

14. 45 

4.54 

9.4 

120 

7.94 

50.5 

2,140 

.89 

37.7 

25. 4 

9. 56 

5.3 

Grade 

c 

D 

C-4  

30 

2.40 

14.8 

628 

.46 

19.6 

1.37 

.30 

48.7 

60 

4.80 

26.4 

1,120 

.83 

35.0 

5. 47 

1  26 

20. 9 

90 

7.20 

37.8 

1,600 

1.18 

50.1 

12. 30 

3. 53 

10!  7 

120 

9.60 

48.5 

2,060 

1.52 

64.2 

21. 9 

7. 79 

6. 2 

Cradp 

D 

Q 

p 
\j 

OS  

30 

2.01 

15.7 

666 

.45 

19. 

1.70 

.51 

30.6 

60 

4.01 

29.1 

1,210 

.83 

35. 

6.81 

1. 84 

15. 8 

90 

G.  01 

41.0 

1,740 

1.17 

50. 

15.31 

4. 81 

8. 5 

120 

8.02 

52.3 

2,220 

1.49 

63. 

27]  2 

10. 2 

5. 1 

Grade 

C 

j) 

D 

D 

0-«  

30 

2.44 

17.7 

751 

.58 

24.7 

1.39 

.30 

59.0 

60 

4.88 

28.3 

1,200 

.93 

39.5 

5.58 

1.27 

.     .  22.3 

90 

7.33 

37.3 

1,580 

1.23 

52.0 

12.56 

3.58 

10.4 

120 

9.77 

45.2 

1,920 

1.48 

63.0 

22.3 

7.90 

5.7 

D 

C 

C 

C 

C-7  

30 

2.35 

16.5 

700 

.51 

21.5 

1.52 

.34 

48.7 

60 

4.70 

28.5 

1,210 

.88 

37.2 

6.08 

1.40 

20.3 

90 

7.05 

39.3 

1,670 

1.21 

51.3 

13. 70 

3.94 

10.0 

120 

9.39 

49.4 

2,090 

1.52 

64.5 

24.3 

8.64 

5.7 

D 

C 

C 

C 

D-l  

30 

2.41 

13.8 

585 

.58 

24.7 

'  1.25 

.26 

53.5 

60 

4.82 

24.7 

1,050 

1.04 

44.2 

4.75 

1.08 

23.0 

90 

7.22 

32.3 

1,370 

1.32 

55.7 

10. 48 

2.99 

10.8 

120 

9.63 

38.7 

1,640 

1.63 

69.2 

18.4 

6.53 

5.9 

D 

B 

B 

C 
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Table  III.  —Radiator  performance  in  terms  of  free  air  speed  (for  unobstructed  positions  only) — Continued. 


Radiator. 

Speed. 

. 

\  1!  flo\V. 

'Energy  dissipate 
Front. 

1  per  square  foot. 
Surface. 

Head 
resist efice. 

H.  P. 
absorbed. 

Figure  of 
merit. 



JI.  P. 

B.  1.  u. 
Mill. 

ti.  r. 

R.  t.  u. 
Min. 

D-2  

30 

1.58 

22.7 

963 



0.27 

11.4 

1.83 

0.65 

34.8 

60 

3. 16 

35.1 

1,490 

.42 

17.7 

7  1  A 
I.  14 

10 

10.  o 

90 

4.75 

46.7 

1.980 

.56 

23.6 

mi 

5. 33 

8.8 

120 

6.33 

56  5 

2,400 

.67 

28.5 

28.0 

11.0 

5.1 

C 

D 

E 

D 

30 

1. 80 

14.1 



598 

.43 

18.3 

2. 27 

.  46 

?z*  1 

60 

3. 59 

25.3 

1,070 

.78 

33.0 

8. 30 

1. 89 

IS,  4 

90 

5.38 

36.3 

1,540 

1.11 

47.2 

18-  5 

ft  Q 
I).  » 

7. 18 

47.2 

2,000 

1.45 

61.4 

32. 4 

115 

4  1 

D 

E 

E 

E 

30 

2. 41 

17.0 

721 

.40 

17.2 

1. 60 

32 

60 

4. 82 

28.0 

1,190 

.67 

28.3 

5  90 

1  33 

21  0 

an 

7. 23 

37.7 

1,600 

.90 

38.1 

13. 1 

3  T3 

in  i 

1U.  1 

120 

9.63 

46.6 

1,980 

1. 11 

47.0 

23. 0 

8. 13 

5. 7 

'  D 

C 

C 

C 

30 

1.93 

17.7 

751 

.60 

25.4 

1. 62 

.46 

38. 1 

60 

3. 70 

30.8 

1,310 

1.04 

44.3 

6. 73 

i.  I J 

17. 6 

90 

16.0 

4  61 

D 

XJ 

\j 

E-6  

30 

2. 12 

29.3 

1.240 

.37 

15.8 

1.57 

.51 

57.  2 

60 

4. 24 

51. 1 

2, 170 

.65 

27.6 

6.  27 

1.  78 

28.  8 

90 

6. 36 

71.3 

3,020 

.91 

38.6 

1-1.  10 

4. 54 

15.  7 

120 

8. 48 

90.5 

3, 840 

1. 15 

48.9 

25. 1 

9.  59 

9. 5 

U 

B 

E-7  

30 

2.51 

19.6 

831 

.38 

15.9 

1.04 

.35 

56.7 

60 

5.01 

36.3 

1,540 

.69 

29.4 

4. 17 

1.  19 

30.  4 

90 

7. 52 

52.0 

2,200 

.99 

42.2 

9. 38 

3. 03 

17.2 

120 

10.  02 

67. 2 

2,850 

1.28 

54.5 

16.  7 

6. 39 

10. 5 

B 

B 

C 

A 

ft-8  

30 

2.74 

17.2 

729 

.44 

18.6 

.78 

.27 

63.3 

60 

5. 48 

SI.  s 

1,260 

.76 

32.2 

■  '<.  12 

Qo 
.  Mi 

32. 4 

90 

8.23 

41.0 

1,740 

1.05 

44.4 

7. 03 

2. 3l 

17. 8 

■ 

120 

10.97 

51.7 

2,190 

1.32 

55.9 

12. 5 

4.  84 

10. 7 

c 

A 

* 

A. 

A 

E-fl  

30 

2.24 

20.4 

865 

.30 

12.7 

1.67 

.86 

23.8 

60 

4. 48 

40.9 

1,730 

.59 

25.0 

2  50 

ID.  O 

90 

6. 72 

61.2 

2,600 

.89 

37.7 

14. 6 

O.  0/ 

10. 8 

120 

9. 96 

81.5 

3,460 

1.18 

50.0 

25.9 

11. 2 

7.3 

jy 

n 

C 

30 

1.82 

13.8 

585 

.40 

17.0 

2. 52 

.33 

41.3 

60 

3. 64 

21.7 

920 

.63 

26.7 

9. 65 

1.  M 

12. 0 

• 

90 

5.46 

27.8 

1,  180 

.81 

34.2 

21-  6 

5.  57 

5.0 

120 

7. 28 

33.0 

1,400 

.96 

40.0 

38-  3 

2. 6 

E 

E 

js 

E 

0-1  

30 

1.62 

10.  7 

454 

.  39 

16. 7 

2.35 

.34 

31.6 

60 

3. 24 

16.7 

708 

.61 

26.0 

9  25 

1  7v 
1.  (3 

Q  A 

90 

4. 85 

21.3 

903 

.78 

33.2 

20  3 

5. 32 

4  0 

120 

6. 47 

24.8 

1,050 

.91 

38.6 

60. 

1 1  X 
1 1.  0 

•>  1 

Mm  1 

E 

El 

E 

B 

30 

2.16 

15,3 

649 

.68 

2J.0 

1.85 

.25 

60.7 

SO 

4.33 

24.2 

1,030 

1.08 

45.8 

7.39 

1.39 

17.4 

90 

6.49 

31.6 

1,340 

1.41 

59.8 

16.6 

4.30 

7.4 

120 

a65 

38  7 

1,640 

1.73 

73.3 

29.5 

9.86 

3.9 

Grade  

D 

D 

D 

D 

30 

1.88 

23.1 

980 

.52 

21.9 

2.40 

.40 

58.0 

60 

3.75 

39.5 

1,680 

.88 

37.5 

S.65 

1.80 

22.0 

90 

5.62 

53.6 

2,270 

'  1.20 

50.8 

19.1 

5.  21 

10.3 

120 

7.50 

67.0 

2,840 

1.50 

63.5 

33.4 

11.5 

5.8 

B 

t 

E 

E 

C 

0-4  

30 

1.46 

17.2 

729 

.33 

13.9 

2.43 

.49 

35.1 

60 

3.39 

29.5 

1,250 

.56 

23.9 

8.25 

1.91 

15.5 

90 

5.30 

40.7 

1,720 

.78 

32.9 

17.70 

5.13 

7.9 

120 

7.20 

51.3 

2.  170 

.98 

41.5 

31.0 

11.1 

4.6 

Gride  

C 

D 

E 

D 
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Table  IV. — Constants  in  the  equations  R=cV2;  M=kV;  and  Q=GMn. 

/i=head  resistance  in  lb./sq.  ft. 
Ir=free  air  speed  in  mi./hr. 

.W=mass  (low  of  air  in  pound  per  second  per  square  foot. 
Q=energy  dissipated  in  horsepower  per  square  foot  per  100°  F. 

m="mass  flow  constant,"  which  is  the  ratio  of  the  mass  of  air  passing  through  1  square  foot  of  radiator  to  the  mass 
of  air  passing  through  1  square  foot  of  free  area  in  front  of  the  radiator. 


Radiator. 

cxio*. 

fcXIO1. 

7H 

n 

71 

T>  t;>. 

CX10*. 

fc  X I01. 

771 

f\ 
\J 

n 

A-l 

1.73 

7.70 

0.700 

11.6 

0.75 

B-12  

1.74 

7.67 

0.697 

8.6 

0.80 

1.81 

7.44 

.676 

11.8 

.82 

13  

1.92 

7. 18 

.653 

8.9 

.86 

3  

1.11 

9.18 

.834 

7.6 

.70 

1.48 

8.75 

.795 

8.0 

.75 

C-l  

2.07 

5.81 

.528 

1.61 

8.00 

.727 

9.9 

.75 

2  

1.70 

7.90 

.718 

8.7 

.85 

1.71 

7  80 

.  709 

10  2 

80 

2a 

1  85 

6.31 

.574 

13.0 

GO 

1.86 

7^34 

.667 

15!  1 

\th 

2b  

i!si 

6!35 

!577 

15^0 

166 

1.83 

8.02 

.729 

7.5 

.80 

4  

1.52 

8.00 

.727 

7.1 

.85 

1.73 

7.69 

.699 

9.8 

.80 

5  

1.89 

6.68 

.607 

9.0 

.85 

1.46 

8.37 

.761 

8.4 

.80 

6  

1.55 

8.14 

.740 

9.3 

.70 

1.46 

8.33 

.757 

8.4 

.85 

1.69 

7.82 

.711 

8.3 

.80 

1.87 

7.10 

.645 

13.0 

.70 

1.69 

7.80 

.710 

8.2 

.85 

1.95 

6.60 

.600 

8.4 

.90 

1.60 

8.03 

.730 

8.0 

.85 

1.34 

8.51 

.774 

7.5 

.80 

10  

1.72 

7.73 

.703 

8.3 

.86 

1.49 

8.05 

.732 

8.7 

.85 

1.14 

8.80 

.800 

6.6 

.60 
.85 

D-l  

1.32 

8.03 

.730 

8.1 

.70 

19  

1.40 
1.80 

8.18 

.744 

8.6 

2  

1.98 

5.27 

.479 

15.0 

.70 

7.01 

.637 

13.1 
6.6 

.85 

3  

2.31 

5.98 

.544 

8.7 

.86 

1.54 

7.64 

.695 

.85 
.85 

4  

1.64 

8.03 

.730 

9.4 

"0 

1.55 

7.59 

.690 

8.7 

1.56 

7.63 

.694 

10.3 

.86 

E-4  

10.2 

.85 

8  

1.74 

7.07 

.643 

16.1 

.80 

B-l  

I.U 

9.21 

.837 

6.4 

.63 

7  

1.16 

8.35 

.759 

8.5 

.90 
.80 

1.24 

8.91 

.810 

8.4 

.60 

8  

.867 

9. 13 

.830 
.68 

7.6 

1.23 

8.93 

.812 

5.9 

.75 

9  

1.8 

7.5 

9.1 

1.00 

4  

1.75 

7.60 

.691 

11.7 

.65 

1.37 

8.60 

.782 

6.6 

.60 

F-5  

2.68 

6.07 

'.552 

10.0 

.60 

1.50 

8.29 

.754 

9.5 

.60 

1.70 

7.77 

.706 

11.5 

.60 

O-l  

2. 57 

5.39 

.490 

8.2 

.60 

1.91 
1.85 
1.64 
1.90 

7.07 
7.37 
7. 92 
7.25 

.643 
.670 
.720 
.659 

13.1 
7.5 
6.4 
8.0 

.60 
.85 
.85 
.80 

2  

2.05 
2. 40 
2.29 

7. 21 
6.25 

.656 
.568 

9.4 
14.8 
12.7 

.65 
.76 
.70 

3  

4  
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\ 

• 

\  ° 


c 

\ 

o 

o  \ 

I 

)\ 

o 

Curve  showing  approximate 
Head  Resistance  of  Core  having 
a  gi  ven  Mass  F/o  w. 

tfes/  stance  =  CVZ 

Mass  Ftow  =  KV 
where  V  =  Free  Air  Speed. 

o  .ozo 

Hot No./ 


.040  .060  .060 
Mass  How  Factor  (K) 


.100 


i .">:{•_> ir>   s.  i  Me.  i<;<;.  oo-j- 


L'(l 


free  Air  Speed'  mi /fir 
SO  100 


rree  Air  Speed'  mi /fir. 
JO  100 


rree  Air  5peed~m/ /fir- 
SO 


flotNoZ.      Mais  How  of  Air  i  lbs/sq  ff/sec 


O  2  +  6 

f/Of/VoJ       Moss  flow  of  Air  ■ /OS./ 


8  10 

sq.f// sec 


0  2  4  6  8/0 

Plof  Ho.  4-.    Moss  now  Of  Air  •  /OS /so  ff/sec. 


free  Air  Speed  ■  mi /hr 

SO  100 


free  Air  Speed  -  mi/ 'hr 
SO  100 


o         z        *         6         a  io 

ftoT  NoS       Moss  flow  of  Air  •  /os/sq  ff/  sec 


free  Air  Speed  '  mi./  hr. 

 so  too 


Z  4-  6  6 

Mass  ffowofAir-lbsfsq  ft/ sec 


O  Z  *  €  6  /O 

Plot  No  7       Mess  How  of  Air-  fbs/sq  ft/scc 


«  70 
t. 

|- 

5 


Free  Air  Speed-  mi  /hr 
JO  100 


A-7 
4-y/e  in  deep 
62  6  sq  ft  surface 
52  Z  %  direct  . 
64  2  T<>  free  oreo 
17  7  lbs  empty 
7  2  las  wafer 


free  Air  Speed  -  mi  / hr 
SO  100 


O  2  •*  6  B  10 

Plot  Mo.  6     Mass  Flow  of  Air"  lbs /so  ft/ sec. 


Free  Air  Speed*  mi  / hr 
SO  too 


Z  4  6  6 

>9      Mass  Flow  of  Air  -  lbs./ sq  ft /  sec 
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WATER  FLOW  THROUGH  RADIATOR  CORES.1 

By  W.  S.  James. 

PURPOSE  OF  TESTS. 

The  tests  were  made  to  determine  the  pressure  necessary  to  produce  water  flows  up  to  50 
gallons  per  minute  through  an  8-inch  square  section  of  radiator  core. 

RADIATOR  CORES  TESTED. 

The  radiator  cores  tested  were  made  up  by  the  manufacturers  in  approximately  8-inch 
square  sections  and  fitted  with  rectangular  water  boxes,  as  shown  in  figures  1  to  12.  The  makes 
and  core  depths  of  the  sections  tested  were  as  follows: 

(1)  Ajax  Auto  and  Aero  Sheet  Metal  Co.,  J^-inch  square  tubes,  4  inches  deep. 

(2)  G.  &  O.  Manufacturing  Co.,  }^-inch  rhombic  tubes,  3%  inches  deep. 

(3)  The  Harrison  Radiator  Corporation,  ^-inch  hexagonal  tubes,  4  inches  deep. 

(4)  The  Livingston  Radiator  &  Manufacturing  Co.,  34 -inch  square  tubes,  4  inches  dee]). 

(5)  The  Livingston  Radiator  &  Manufacturing  Co.,  -j^-inch  square  tubes,  4  inches  deep. 

(6)  The  Rome-Turney  Radiator  Co.,  J^-inch  square -tubes,  3%  inches  deep. 

(7)  The  McCord  Manufacturing  Co.,  j^-inch  elliptical  tubes,  3lA  baches  deep. 

(8)  The  McCord  Manufacturing  Co.,  fin  and  tube,  3%  inches  deep. 

(9)  The  Modine  Manufacturing  Co.,  (Spires  core)  fff-i'K'h  square  tube  with  spirals,  3}4 

inches  deep. 

(10)  The  Sparks- Withington  Co.,  ?-s'-inch  elliptical  tube,  3)4  niches  deep. 

(11)  The  Hooven  Sales  Corporation,  (Spery  core)  5^-inoh  elliptical  tube,  2r>  g  inches  deep. 

(12)  The  Western  Mechanical  Works,  (Staggered  core)  ^-inch  staggered  square  tube, 

4  inches  deep. 

METHOD  OF  TEST. 

The  radiator  sections  were  connected  in  the  discharge  line  of  a  centrifugal  pump  and  in 
series  with  a  Venturi  meter.  The  discharge  from  the  radiator  was  connected  to  the  inlet  of 
the  pump.  A  reserve  water  tank  in  which  a  constant  head  of  water  was  automatically  main- 
tained was  connected  to  the  suction  line  of  the  pump  to  provide  a  water  reserve  and  to  act  as  a 
surge  tank.    The  centrifugal  pump  was  driven  by  a  belt  from  a  direct  current  shunt  motor. 

The  rate  of  water  flow  was  measured  by  a  Venturi  meter  with  a  1-inch  diameter  inlet  and 
a  J^-inch  diameter  throat.  The  Venturi  pressure  difference  was  observed  on  a  mercury  gauge. 
The  constant  of  the  Venturi  tube  and  gauge  was  determined  by  careful  calibration.  A  con- 
stant pressure  water  supply  from  a  pressure  regulating  valve  was  used  as  a  source  of  water  and 
tlie  discharge  was  measured  by  means  of  a  large  weighing  tank  of  about  100  cubic  feet  capacity. 

The  pressure  drop  in  the  water  was  measured  by  means  of  piezometer  connections  soldered 
on  the  radiator  water  boxes.  These  piezometer  connections  were  made  by  soldering  square 
copper  tubes  to  the  outside  of  the  water  boxes,  theii  drilling  from  the  outside  one  millimeter 
holes,  spaced  one  inch  apart,  through  both  walls  of  the  square  copper  tube  and  the  water  box  top. 

Holes  were  then  bored  in  the  water  box  ends  and  a  scraping  tool  inserted  in  the  water 
box  to  scrape  off  the  burr  on  the  holes  inside  the  water  boxes.  A  V-shapcd  strip  of  galvanized 
iron  was  then  inserted  in  the  water  box  to  protect  the  holes  from  the  effects  of  the  impact  of 
the  high  velocity  water  streams  impinging  on  the  piezometer  tube  holes.    The  holes  in  the 

i  This  report  was  confidentially  circulated  during  the  war  as  Bureau  of  Standards  Aeronautic  Power  Plants  Report  No.  3. 
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ends  of  the  water  boxes  were  then  soldered  up.  The  pressure  difference  between  the  two  piezom- 
eter tubes  was  observed  either  on  a  long  carbon-tctrachloride  gauge  or  on  a  mercury  gauge. 

A  general  view  of  the  set-up  is  given  in  figure  13.  The  pump  is  shown  discharging  through 
a  control  plug-cock,  the  Venturi  meter  tube  and  the  radiator.  The  pressure  drop  and  Venturi 
gauges  can  also  be  seen. 

METHOD  OF  TAKING  OBSERVATIONS. 

In  taking  the  observations  the  water  level  in  the  surge  tank  was  adjusted  to  a  constant 
height,  then  the  pump  was  started  and  the  air  removed  from  the  system  by  means  of  the  air 
relief  connections  at  the  high  points  in  the  pressure  connections.  The  rate  of  water  flow  was 
then  adjusted  to  the  desired  value  by  means  of  the  plug  cock  at  the  discharge  of  the  pump. 
A  small  electric  desk  fan  placed  so  as  to  force  air  through  the  radiator  and  thus  keep  the  water 
cool  was  started  and  when  the  How  had  reached  a  steady  state  six  sets  of  readings  were  taken, 
three  sets  by  each  observer.  The  readings  taken  were  (1)  the  reading  of  the  Venturi  meter 
gauge,  (2)  the  reading  of  the  pressure  drop  gauge,  and  (3)  the  temperature  of  the  water  in  the 
system.  When  these  observations  were  complete  the  rate  of  How  was  adjusted  to  the  next 
higher  value  and  the  readings  repeated. 

Table  of  water  lube  cJiaracteristics. 


Radiator. 

Area  of  each 
water  tube. 

Width  of 
each  water 
tube. 

Thickness  of 
each  wat  er 
tube. 

Mean  hy- 
draulic 
radius  of  each 
water  tube. 

Length  of 
each  water 

tube  parallel 
to  direction 

of  water  flow. 

Square  inch. 

Inch. 

Inch. 

Inch. 

Inches. 

AJax  

0.125 

3.65 

0.034 

0. 0170 

7.68 

n.&o  '.  

.226 

2.91 

.078 

.0378 

9.67 

.204 

3.50 

.088 

.0287 

9.02 

Livingston  i  inch  

•  .0946 

3.57 

.027  ' 

.0138 

15.97 

Livingston  A  inch  

.132 

3.57 

.037 

.01S3 

15.58 

.156 

3.00 

.052 

.0255 

8.00 

McCord  fin  and  tube  

.0433 

.0235 

".0587 

8.00 

McCord  elliptical  

.244 

3.02 

.081 

.0393 

9.77 

Spirex  

.154 

i  2.99 

.052 

.0254 

8.75 

Sparks-  Withington  

.320 

3.07 

.104 

.0532 

11.03 

Spery  

.173 

2.29 

»  .075 

.0365 

8.03 

"I  M 

3.20 

.132 

.0634 

7.88 

°  Diameter. 

METHOD  OF  WORKING  UP  RESULTS. 

The  values  of  the  rates  of  flow  were  computed  in  gallons  per  minute  for  each  of  the  Venturi 
gauge  readings  at  each  rate  of  flow  and  the  mean  of  these  six  readings  taken  as  the  mean 
rate  of  flow.  The  values  of  the  pressure  drop  in  the  water  were  then  computed  from  the  six 
pressure  drop  gauge  readings  and  the  mean  of  these  six  readings  was  taken  as  the  pressure 
drop  corresponding  to  the  measured  rate  of  flow. 

Tn  this  manner  Ave  points  were  obtained  on  the  rate  of  flow-pressure  drop  curve  for  each 
radiator.  The  logarithms  of  the  rates  of  flow  were  then  plotted  against  the  logarithms  of  the 
pressure  drops  and  the  observed  points  were  found  to  lie  on  a  straight  line.  Then  as  it  was  found 
that  it  was  impossible  to  obtain  greater  flows  than  25  gallons  per  minute  with  the  set-up  without 
bulging  the  water  boxes  of  the  radiators,  the  straight  lines  on  the  logarithmic  plots  were  con- 
tinued on  to  50  gallons  per  minute.  The  anti-logarithms  of  the  pressure  drops  were  then  found 
for  points  on  the  logarithmic  curves  corresponding  to  30,  35,  40,  45,  50  and  55  gallons  per  minute. 
Plots  14  to  25  were  then  made  by  using  the  observed  values  of  the  pressure  drop  from  0  to  25 
gallons  per  minute  and  the  extrapolated  values  of  the  pressure  drop  from  25  to  55  gallons  per 
minute  found  as  indicated. 

Because  of  the  fact  that  the  logarithmic  plots  gave  straight  lines  it  is  evident  that  the 
observed  results  may  be  expressed  by  an  empirical  equation  of  the  form 

P=CQn 

Where  /'  is  thd  pressure  drop  in  feet  of  water,  Q  is  the  rate  of  flow  in  gallons  per  minute.  C 
and  n  are  constants.  Values  of  it  were  found  from  the  slopes  of  the  logarithmic  lines  and  are 
given  on  the  plots  for  each  radiator. 
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METHOD  DEVISED  FOR  THE  APPLICATION  OF  THE  RESULTS  OF  THE  ACCOMPANYING  TESTS  ON 
THE  PRESSURE  NECESSARY  TO  MAINTAIN  WATER  FLOW  THROUGH  RADIATOR  CORES. 

The  following  method  of  approximating  the  pressures  necessary  to  maintain  water  flows 
through  radiator  cores  has  been  devised  in  order  to  make  immediate  use  of  the  data  given  in 
this  report  in  estimating  the  order  of  magnitude  of  the  pressure  necessary  to  maintain  water 
flows  through  radiator  cores  of  dimensions  (i.  e.,  core  lengths,  widths,  and  depths)  differing 
from  those  used  in  the  experiments  described. 

Extreme  accuracy  can  not  be  expected  of  the  approximation  given,  the  error  being  between 
10  and  20  per  cent.  The  terms  width,  length,  and  depth  of  the  core  as  used  in  this  report  are 
defined  as  follows: 

Core  width  is  the  linear  dimension  of  the  core,  perpendicular  to  both  the  direction  of  water 
flow  and  the  direction  of  air  flow. 

Core  length  is  the  linear  dimension  of  the  core,  parallel  to  the  direction  of  water  flow. 
Core  depth  is  the  linear  dimension  of  the  core,  parallel  to  the  direction  of  air  flow. 

METHOD  OF  USING  PLOTS. 

The  method  used  is  based  upon  the  pressure  necessary  to  maintain  a  given  rate  of  flow 
the  rough  single  water  tubes  1  foot  long  and  of  varying  depths  of  core  (i.e.,  3  inches,  3.5  inches, 
4  inches,  4.5  inches,  5  inches,  and  5.5  inches). 

If  all  the  water  tubes  in  the  radiator  core  carry  equal  amounts  of  water,  the  amount  of  water 
carried  by  each  tube  of  any  radiator  section  can  be  computed  provided  the  following  data  are 
known:  (1)  The  volume  of  water  to  be  forced  through  the  total  width  of  core  per  mhmte,  (2) 
the  total  width  of  radiator  core  the  and  (3)  the  number  of  water  tubes  per  foot  of  width.  The 
first  two  factors  (l)'and  (2)  are  dependent  on  the  design  of  the  radiator  in  question,  the  latter 
(3)  is  given  on  plots  20  to  37  for  the  cores  tested. 

When  the  amount  of  water  to  be  carried  by  each  tube  has  been  determined  the  pressure 
necessary  to  maintain  the  required  rate  of  flow  can  be  read  from  the  plots  which  gives  the 
pressures  necessary  to  maintain  various  rates  of  flow  through  a  single  water  tube  1  foot  in 
length  of  the  make  of  radiator  core  indicated.  On  these  plots  curves  are  drawn  for  even  one-half 
inch  depths  of  core  from  3  to  5.5  inches.  The  pressure  corresponding  to  the  flow  desired  may 
be  read  from  the  curve  for  the  core  depth  to  be  used  or  found  by  estimation  between  the  curves 
for  the  core  depths  given: 

The  pressure  found  from  the  plot  is  then  multiplied  by  the  length  of  the  radiator  core  in 
the  direction  of  water  flow.  The  product  of  the  pressure  necessary  to  maintain  the  desired 
flow  through  1  foot  length  of  radiator  core  multiplied  by  the  core  length  will  give  the 
approximate  value  of  the  pressure  required  to  maintain  the  desired  rate  of  water  flow. 

For  example:  It  is  desired  to  find  the  pressure  necessary  to  maintain  a  water  flow  of  100 
gallons  per  minute  through  a  "  Spery  "  radiator  core  32  inches  long,  16  inches  wide,  and  4  inches 
deep. 

As  there  are  30  water  tubes  per  foot  width  of  core,  there  are  40  tubes  per  10  inches  of 
width. 

The  rate  of  flow  through  each  tube  will  therefore  be       =  2.5  gallons  per  tube  per  minute. 

From  the  plot,  a  pressure  of  10.7  feet  of  water  per  foot  of  tube  length  is  required  to  main- 
tain a  flow  of  2.5  gallons  per  minute  per  tube. 

As  the  tube  length  is  2.5  feet,  a  pressure  of  2.5  X  10.7  =  27  feet  of  water  will  be  required  to 
maintain  a  flow  of  100  gallons  of  water  per  minute  through  the  "Spery"  core  16  inches  wide 
and  32  inches  long. 

METHOD  OF  CONSTRUCTING  PLOTS. 

The  following  method  was  adopted  in  constructing  the  plots  of  the  pressures  necessary  to 
produce  given  rates  of  water  flow  through  single  tubes  1  foot  long  with  varying  depths. 

Values  of  the  pressure  necessary  to  maintain  rates  of  flow  of  10,  20,  30,  40,  and  50  gallons 
per  minute  through  an  8-inch  width  of  core  were  read  from  the  plot  for  each  type  of  radiator 
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tested.  These  values  of  the  pressure  necessary  for  au  8-inch  core  were  multiplied  by  1.5  to 
reduce  them  to  the  value  for  a  core  length  of  1  foot.  The  various  rates  of  flow  (i.  e.,  10,  20, 
30,  40,  and  50  gallons  per  minute)  were  then  divided  by  the  number  of  tubes  and  the  corre- 
sponding values  of  the  flow  in  gallons  per  tube  found. 

The  Chezy  formula  for  water  flow  was  then  assumed  in  the  form  given  below  (1)  and  the 
effect  on  the  value  of  AP  of  changing  core  depths  found  for  the  rates  of  How  indicated  above 
as  follows: 

V=  Linear  water  velocity. 
A  P  =  Pressure  necessary  to  maintain  velocity  V. 
R  —  Hydraulic  radius  of  water  tube. 
Area  of  water  tube 
""Perimeter  of  water  tube. 
A  =  Area  of  water  tube. 
<2  =  Rate  of  water  flow. 
<  =  Water  tube  thickness. 
d  =  Water  tube  depth. 
n  &,  c  =  constants. 

A  (1) 
V=G(RAP])n 

Now  Q  =  A  V,  A  =  td,  and  R  =  2(/+^)° 

Substitution  of  tbese  values  in  (1)  give  , 


so  that 

AP1  =  «1+d1)(W+l 
AP,  «2+<Z3)(<1<ZI)»+l" 

Since  tl  =  t2,  we  have 

Equation  (2)  provides  a  means  of  evaluating  AP  for  a  core  3  inches,  3.5  inches,  4  inches 
(etc.)  deep  when  the  value  of  AP  for  a  core  "d"  inches  deep  "t"  inches  thick  and  tbe  exponent 
"n"  are  known. 

When  the  values  of  AP  for  various  core  depths  arc  found  in  the  manner  indicated  above 
and  are  read  directly  from  the  curves  plotted,  the  following  assumptions  have  been  tacitly 
made: 

(1)  That  the  same  quantity  of  water  passes  through  each  water  tube  in  the  core. 

(2)  That  the  pressure  maintaining  flow  varies  directly  as  the  length  of  the  water  tube 
parallel  to  the  direction  of  water  flow,  and  that  tbe  entrance  and  exit  losses  are  neglected. 

(3)  That  the  pressure  necessary  to  produce  flow  varies  inversely  as  the  hydraulic  radius 
and  directly  as  the  "nth"  power  of  the  linear  water  velocity.  The  values  of  "n"  being  found 
by  experiment  when  the  hydraulic  radius  remains  constant. 

(4)  That  the  water  tube  thickness  remains  constant  for  any  given  core  and  has  the  value 
given,  when  the  depth  of  the  core  and  the  length  of  the  water  path  change. 
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KiGUKK  1. — Ajux  Auto  unci  Aero  Shecl  Metal  Co.    1-inch  square  tubes.   Core  4  inches  deep. 


Figure  3.— The  Harrison  Radiator  Corporation.  -fV-inch  hexagonal  I  ubes.  Core  4  inches  deep. 


Figure  2. — G.  A-  O.  Manufacturing  Co.    {-inch  rhombic  Lubes.   CoreSj!  inches  deep. 


Figure  4.— The  Livingston  Kadiator  &  Manufacturing  Co.    i-inch  square  tube.   Core  4  inches  deep. 


Figure  7.— The  MrCord  Manufacturing  Co.   Fin  and  tube.  Core  3J  inches  deep. 


Figure  S.— The  UoCord  Manufacturine  Co.  ^,-ineh  elliptical  tubes.  Core  3$  inches  deep. 


FIGURE  9.— The  Modim-  Manufuciimnn  Go.   &-IHCb  square  tube  with  spirals.   Core  V.  inches  deep. 


Figure  10.— The  Sparks-Withinsion  Co.   2-inch  ollipl iral  tube.   Corc.V.  Inches  deep. 


Figure  18.— Apparatus  used  to  measure  pressure  necessary  to  produce  water  flow  through  radiator  cores 
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'A  Sguare  Cell 

CHARACTERISTICS 
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Plot  No.  14. 


G  &  O 

'A"  Rhombus 

CHARACTER  IS  TICS 

Number  water  tubes 37  .  , 
Area          •       »   834  int 
Core  height           7  8  in. 
...    width            8.0  in 
»    depth            333  in 
Temperature  water  89"  F. 
o  Observed  points 
x  Extrapolated  • 
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Plot  No.  15. 
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HARRI50N 
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CHARACTERISTICS 

Number  water  tubes  14  . 
Area          ■■         -    236  in* 
core  height            7.8  in. 

width             6  0  in 
depth            4.0  in 

Temperature  water  83'  F. 

O  Observed  points 

x  Extrapolated  •■  , 
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Plot  No.  16. 
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Plot  No.  17. 


312 


ANNUAL  RKPORT  NATIONAL  ADYISORY  COMMITTEE  FOR  AERONAUTICS. 


14 


13 

u 

< 

h 

0 

-7 

I3 


J- 

L/VI/VGSTCW 
ViiSguare  Tube 

CHARACTERISTICS 
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Water  Flow  in  gallons  per  min  per  8  "sa  section  Q. 

Plot  No.  18. 
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'/f  Square  Cell 

CHARACTERISTICS 

Number  water  tubes  30 
Arec      .  ■■       "   4.67  in. 
Core  height           7. 8  in, 

wi  dth            7.9  in. 

depth            3.34  in. 
Temperature  water 86°  F. 
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x  Extrapolated  - 
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Plot  No.  19. 
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y*.  Elliptical Cell 

CHARACTERISTICS 

Number  water  tubes  22  .  , 
Area     .     «       ■•    S.36  in. 
Core  height            6.0  in. 

-    width               7.9  in. 

••   depth             3.50  in. 
Temperature  water  81°  F 
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X  Extrapolated  ■■ 
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Plot  No.  20. 
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MiCORD 
Fin  and  Tube 

CHARACTERISTICS 

Number  water  tubesSb  . 
Area      .  ■•       ■■  Z4-Z  in.*- 
Core  height           8.0  in. 
width              7.9  in. 
■■    depth            J.6Z  in. 
Temperature  water  93°  F. 
o  Observed  points 
x  Extrapolated  - 
Equation,  APocQi-  «■» 

O  IO  ZO  JO  40  so 

Wafer  Flow  in  gallons  per  min. per  8"sq section.Q. 

Plot  No.  21. 
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"/si  5quare  tube  with  spira/s 

CHARACTERISTICS 

Number  mater  tubes  24  .  , 
Area       .  ••  ,     "     3.7  in. 
Core  height           8.0  in. 

■■    width             7.9  in. 
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SPARKS  -  W/T/i/m  TON 
3/e  Elliptical  Celt 



CHARACTERISTICS 

Number  water  tubes  IS  .  . 
Area         •        "f  4.73  in* 
Core  height           7. 9  in. 

•    width            8.0  in. 

«    depth              3.48  in 
Temperature  water 103  °  f. 
o  Observed  points 
x  Extrapolated  » 
Eguation,  APoc  O  '■ 36 
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Water  Flow  in  gallons  per  min.per  8  'sg.  section.  Q 
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Plot  No.  23. 
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CHARACTERISTICS 

Number  water  tubes  20  . 
Area     .    '        ••    3  46  in. 
Core  height           8.0  in. 

■■    width             8.0  in. 

■■    depth            2.69  in. 
Temperature  wafer  86°  F. 
o  Observed  points 
x  Extrapolated  " 
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CHAR  A  C  TERIS  TICS 

Number  water  tubes  25 
Area        ".       "    io.se  err.* 
Core  height           7.9  in. 

.,    width              7.9  in. 

„    depth           3.58  in. 
Temperature  water  88°  F 
O  Observed  points 
X  Extrapolated  •> 
Eguation,  AP  oc  Q  I-*7 
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0  10  20  30  40  SO 

Water  Flow  in  gallons  per  min.per  8'sg.section.Q 

PLOT  NO.  24. 


10  20  30  40  50 

Water  Flow  in  gallons  per  mm.  perS'sg  section.  Q 

Plot  No.  25. 
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EXPERIMENTAL  RESEARCH  ON  AIR  PROPELLERS,  III. 

By  W.  F.  Durasd  and  E.  P.  Lesley. 


SCOPE  OF  THE  INVESTIGATION  COVERED  BY  PRESENT  TESTS. 

The  investigation  described  in  this  report  was  conducted  for  the  National  Advisory  Com- 
mittee for  Aeronautics  at  Leland  Stanford  Junior  University,  Palo  Alto,  Calif. 

The  investigation  on  air  propellers  carried  on  during  the  two  years  1917-18  and  forming 
the  subject  of  reports  Nos.  14  and  30  1  of  the  National  Advisory  Committee  for  Aeronautics 
covered  the  following  general  characteristics  of  form  and  design: 

Four  nominal  pitch  ratios,  viz,  0.5,  0.7,  0.9,  and  1.1. 

Two  forms  of  blade  contour,  (1)  with  approximately  parallel  sides  and  slightly  rounded 
tip  and  (2)  curved  and  tapering  in  accordance  with  the  common  saber  form. 

Two  mean  width  ratios,  viz,  15  per  cent  and  20  per  cent  of  the  radius  of  the  propeller. 

Two  forms  on  the  driving  face,  viz,  plane  and  cambered  or  hollowed. 

Two  forms  of  distribution  of  geometrical  pitch,  (1)  uniform  and  (2)  increasing  radially 
as  determined  by  the  assignment  of  a  constant  theoretical  angle  of  attack. 

In  the  study  of  the  hollowed  or  cambered  drivmg  face,  all  combinations  of  characteristics 
otherwise  with  a  degree  of  camber  measured  by  one-third  the  thickness  of  the  corresponding 
straight-face  section  were  tested,  while  six  with  a  degree  of  camber  one-half  the  preceding 
were  tried. 

In  the  study  of  propellers  with  radially  increasing  pitch,  this  feature  had  not  been  extended 
to  those  of  nominal  pitch  ratio  1.1. 

In  addition  to  propellers  with  combinations  of  characteristics  as  indicated  above,  a 
considerable  number  of  tests  were  carried  out,  as  recorded  in  report  No.  30,  covering  a  variety 
of  forms  of  blade  contour  combined  with  one  or  more  combinations  of  other  characteristics. 

In  continuation  of  this  general  program  of  investigation,  it  seemed  desirable  to  examine 
in  particular  the  influence  of  the  following  characteristics: 

(1)  Nominal  pitch  ratio  1.3  combined  with  a  certain  number  of  the  more  common  or 
standard  forms  and  proportions. 

(2)  Driving  face  slightly  rounded  or  convex. 

(3)  Change  in  the  location  of  the  maximum  thickness  ordinate  of  the  blade  section. 

(4)  Pushing  forward  the  leading  edge  of  the  blade,  thus  giving  a  rounded  convex  surface 
on  the  leading  side  of  the  driving  face. 

(5)  A  series  of  values  for  the  constant  "angle  of  attack  "  in  forming  propellers  with  radially 
increasing  pitch. 

In  accordance  with  these  purposes  tests  have  been  carried  out  on  some  28  propellers, 
(igure  1,  having  characteristics  as  follows 

Four  propellers  of  nominal  pitch  ratio  1.3.  uniform  pitch,  straight  face,  and  with  four 
combinations  of  form  of  blade  and  area  as  shown  in  Table  I. 

Five  propellers  of  nominal  pitch  ratios  0.5,  0.7,  0.9,  1.1,  and  1.3,  all  of  uniform  pitch,  one 
area  and  one  blade  form,  and  with  the  drivmg  face  made  slightly  convex  by  adding  a  crown  of 
one-sixth  the  normal  thickness  of  the  corresponding  straight-face  sections,  as  shown  in  Table  1 
and  in  sections,  iigure  2. 

iSoo  Third  Annual  Report,  1917. and  Fourth  Annual  Report.  1H18. 
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Table  I. — ( 'haracterialics  of  model  propellers. 


No. 
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r.Kio. 
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Form  or 
contour 
No. 

Section 
No. 
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Fi 

S, 

.997 

35.9 

124 

36 

.7 

25.2 

.15r 

F, 

s. 

.905 

34.74 

125 

36 

.7 

25.2 

.15r 

Fj 

Sw 

.991 

35.68 

120 

36 

.7 

25.2 

.  15r 

Fj 

s„ 

1.013 

30. 47 

127 

30 

12.32-21.2!) 

.  15r 

Fj 
Fi 

8, 

.  07.". 

21. 30 

128 

36 

.  5 

9.  lli-23.  00 

.15r 

Si 

.  050 

33. 02 

12'J 

30 

.7 

20.  1  -2X. 45 

.15r 

Fj 

8i 

.912 

32.83 

130 

30 

.  7 

10. 31-30. 13 

.  15r 

Fi 

Si 

.885 

31.87 

131 

30 

.9 

2S.  29-35.  57 

.  15r 

Fi 

S, 

1.  120 

ID.  .V. 

132 

36 

.9 

25. 24-37. 23 

.  15r 

F, 

Si 

1.099 

39.  57 

133 

36 

L  1 

33.  5  -41. 1 

.  1ST 

Fi 

s( 

1.394 

50.20 

134 

36 

1. 1 

30.71-42.0 

.15r 

Fi 

8, 

1.377 

49.00 

13S 

33 

1 1 

31.00-44.2 

.15r 

F, 

Si 

1.351 

4S.05 

13,. 

»B 

i  a 

4  k6  -48.  IS 

.15r 

8. 

1.07 

Ml  13 

137 

3« 

1  3 

45  52-49.  0 

.  Ur 

P, 

Si 

1.137 

58.  97 

138 

30 

1.3 

13  55-51. 2 

.  lit 

Si 

I.  000 

57.82 

Four  propellers  of  nominal  pitch  ratio  0.7,  uniform  pitch,  one  blade  form  and  area,  and 
four  locations  of  the  maximum  thickness  ordinate  of  the  blade  section,  as  shown  in  Table  I 
and  in  sections,  figures  3,  4,  5,  and  6. 

Three  propellers  of  nominal  pitch  ratio  0.7,  uniform  pitch,  one  blade  form  and  area,  and 
with  three  degrees  of  deformation  of  the  lending  edge  by  pushing  forward,  as  shown  in  Table  I 
and  in  sections,  figures  7,  8,  and  9. 

Twelve  propellers  distributed  over  the  five  pitch  ratios  0.5,  0.7,  0.9,  1.1,  1.3,  all  with  one 
blade  form  and  area  and  with  radially  expanding  pitch  derived  from  the  assumption  of  varying 
theoretical  "angles  of  attack,"  as  shown  in  Table  I. 

The  four  propellers  111,  112,  113,  and  114,  of  nominal  pitch  ratio  1.3,  fall  in  as  the  last 
members  of  four  series  formed  by  the  propellers  having  corresponding  combinations  of  form 
and  area  and  with  the  other  pitch  ratios  as  tested  in  previous  years. 

The  five  propellers  115,  116,  117,  118,  and  119,  with  the  slightly  rounded  driving  face, 
give  a  series  representing  a  single  blade  form  and  area  carried  through  the  five  nominal  pitch 
ratios  as  shown  in  Table  I. 

The  four  propellers  120,  121,  122,  and  123,  with  four  different  positions  of  the  maximum 
thickness  ordinate  of  the  blade  section,  all  of  one  pitch  ratio,  blade  form  and  area,  form  with 
the  corresponding  propeller  (No.  7)  tested  in  1917, 1  a  series  of  five  propellers  with  five  positions 
of  the  maximum  thickness  ordinate,  viz,  33  per  cent,  from  the  leading  edge  for  No.  7  (which 
closely  represents  standard  practice)  and  positions  on  either  side  as  follows: 

No.  120,  maximum  thickness  of  section  0.1  7  per  cent  of  width  from  leading  edge;  No.  121 . 
25  per  cent;  No.  122,  4l  per  cent;  No.  123,  49  per  cent.  The  combination  of  characteristics 
otherwise  (pitch  ratio,  form  and  area)  selected  for  this  series  was  intended  to  represent  an 
average  or  typical  case. 

The  three  propellers,  124,  125,  and  126,  with  leading  edge  pushed  forward,  give  with  No.  7 
a  single  series  with  three  successive  amounts  of  such  deformation,  all  of  a  single-type  com- 
bination otherwise.  In  No.  7  the  driving  face  is  straight;  in  Nos.  124,  125,  and  126  the  leading 
edges  are  moved  forward  25  per  cent,  50  per  cent,  and  75  per  cent  of  the  maximum  thickness 
of  section,  respectively. 

The  12  propellers,  127  to  138,  show  in  Table  I  a  single  value  for  nominal  pitch  ratio  and 
two  values  for  nominal  pitch.    The  former  is  the  pitch  ratio  of  the  driving  face  at  13-inch  radius 

'  Sec  Third  Annual  Report,  1917. 
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Fig.  S—  Sec.  10.  Prop.  No.  125. 


Fig.  9— Sec.  11.  l'rop.  No.  12fi. 
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and  the  latter  are  the  pitches  of  the  driving  face  at  the  4  and  18  inch  radii,  respectively.  These 
propellers  were  given  a  radially  increasing  pitch  according  to,  the  Drzewiecki  method.  For  all 
blades  showing  the  same  value  of  nominal  pitch  ratio  the  pitch  of  the  driving  face  at  the  13-inch 
radius  equals  the  diameter  multiplied  by  the  value  of  pitch  ratio  given.  The  following  table 
shows  the  assumed  constant  "angle  of  attack"  which  gives  rise  to  the  variation  in  nominal 
pitch  tabulated: 

Table  II. — Assumed  constant  "angle  of  attack." 


Propeller 
No. 

Nomina) 
pitch 
ratio. 

Assumed 
constant 
"angle  of 
attack." 

Degrees. 
6 

127 

0.5 

128 

.5 

9 

129 

.7 

6 

130 

.7 

9 

131 

.9 

6 

132 

.9 

9 

133 

1.1 

3 

131 

1.1 

135 

1.1 

1 

13fi 

1.3 

3 

137 

1.3 

6 

138 

1.3 

9 

The  contour,  area,  and  section  of  propellers  127  to  138  are  the  same  as  for  3,  7,  11,  15,  19, 
and  23  of  the  1917  report;  82  of  the  1918  report;  and  113  of  the  present  investigation.  The 
20  may  then  be  arranged  in  the  following  five  series: 

Nos. 

0.5  nominal  pitch  ratio   11,  23, 127, 128 

.7  nominal  pitch  ratio  '.   7, 19, 129, 130 

.9  nominal  pitch  ratio   3, 15, 131, 132 

1.1  nominal  pitch  ratio   82, 133, 134, 135 

1.3  nominal  pitch  ratio   113, 136, 137, 138 

The  first  of  each  series  has  a  uniform  pitch;  the  second  has  a  radially  expanding  pitch 
produced  by  the  assumption  of  a  3°  "'angle  of  attack";  the  third  one  for  a  6°  •' angle  of  attack" ; 
the  fourth  one  for  a  9°  "angle  of  attack." 

All  propellers  in  one  series  have  the  same  geometrical  pitch  at  the  13-inch  radius.  It 
should  be  noted  that  the  effect  of  an  assumed  constant  "angle  of  attack"  varies  inversely 
with  the  nominal  pitch  ratio.  For  instance,  with  propeller  No.  127  (6°,  0.5  pitch  ratio)  the 
pitch  changes  from  12.32  to  21.29  inches,  a  variation  of  about  43  per  cent  of  the  maximum, 
while  for  propeller  137  (6°,  1.3  pitch  ratio)  the  change  is  from  45.52  to  49.60  inches,  a  variation 
of  less  than  9  per  cent  of  the  maximum. 

CONSTRUCTION  OF  MODELS. 

The  model  propellers  were  carved  from  single  sticks  of  well-seasoned  Pacific  coast  sugar 
pine  (Pinus  Lambertiana)  in  the  manner  previously  described.  A  departure  was  made  from 
previous  practice  in  the  method  of  finish.  After  carving  and  sandpapering,  the  smooth  bare 
wood  was  given  one  coat  of  orange  shellac.  This  was  rubbed  with  fine  sandpaper  and  the 
surface  given  three  to  four  coats  of  flat  gray  paint,  put  on  very  thin  with  a  camel's-hair  brush. 
Each  coat  was  thoroughly  dried  and  rubbed  smooth,  small  surface  defects  being  corrected  with 
a  filler.  The  propellers  were  then  given  two  coats  of  rubbing  varnish,  the  first  being  rubbed 
to  surface  with  pumice  and  water  and  the  second  left  glossy.  The  resultant  finish  is  smooth, 
thin,  and  hard.  For  photographing,  a  single  coat  of  flat  gray  was  applied  after  tests  were 
completed. 

AERODYNAMIC  LABORATORY. 

Tests  on  the  present  series  of  model  propellers  were  conducted  in  the  aerodynamic  labo- 
ratory at  Stanford  University,  California,  during  the  month  of  September,  1919.  The  wind 
tunnel  is  of  similar  form  and  proportions  to  that  previously  described,1  but  considerably  larger, 


'  See  Third  Annual  Report,  1917. 
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having  a  throat  diameter  of  7.5  feet.  It  is  of  somewhat  more  substantial  construction,  being 
solidly  framed,  and  planked  with  J-inch  thick  tongue-and-groove  flooring. 

The  wind  fan  is  15  feet  diameter,  with  eight  blades  of  12-foot  pitch.  It  is  driven  by  a 
1 00-horsepower,  220-volt,  variable-speed,  direct-current  motor,  with  which,  at  25  per  cent 
overload,  a  wind  velocity  of  80  miles  per  hour  may  be  realized. 

TESTS. 

The  tests  were  conducted  in  a  similar  manner  to  those  described  in  the  1918  annual  report. 
Somewhat  greater  wind  velocities  were  used,  it  being  the  practice  to  start  the  test' with  a  wind 
velocity  of  about  45  miles  per  hour.  After  the  safe  limit  of  thrust  (about  50  pounds)  or  the 
power  limit  of  the  driving  motor  (12  horsepower)  was  reached  witli  this  velocity,  observations 
were  made  at  higher  slips  by  reducing  the  wind  velocity  until  the  useful  range  of  slip  had  been 
covered. 

The  thrust-torque  dynamometer  and  other  devices  used  in  1917  and  1018  were  employed 
in  these  present  tests.  The  thrust  balance,  torque  springs,  and  wind-speed  meter  were  sub- 
jected to  frequent  careful  calibrations  as  previously. 

REDUCTION  OF  DATA. 

The  observations  of  thrust,  torque,  revolutions,  velocity,  and  density  were  combined  and 
reduced  to  the  coefficients 

V_ 

w 

T  _  100  X  thrust 
Jc~    AV>D*  1 

p  =  efficiency, 

n  _  1000  X  torque 
AVW3  ' 

pu        Tc  /  V  V 

an*d>=ioo  \x~d)  ' 


and  -rSim*  ^  (Z^  X  2*. 


ansds  1000  \ND J 
■  •  .  y 

Coefficients  Tc,  Qc,  and  p  were  plotted  on  abscissa?  of        for  each  observation  and  fair 

curves  drawn  through  the  points  determined.    The  curves  were  checked  for  consistency  at  each 

0.1  of  ^- 

P  P  V 

Likewise  log  ^j^ps  and  log  ^jytjjt  were  plotted  for  each  observation  on  log  t™,  and 

fair  curves  drawn  and  chocked  for  consistency  with  Tc,  Qc,  and  p  for  each  0.1  of  jyj)- 

While  English  units  were  used  in  making  observations,  the  results  as  presented  are  in 
metric  units. 

V=  velocity  meters  per  second. 
N=  revolutions  per  second. 
D  =  diameter  in  meters. 
T=  thrust  in  kilograms. 
Q  =  torque  in  kilogram  meters. 
A  =  density  in  kilograms  per  cubic  meter. 
P„  =  useful  work  in  kilogram  meters  per  second. 
Pe  =  effective  work  in  kilogram  motors  per  socond. 
1  metric  horsepower  =  75  kilogram  meters  per  second. 
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All  the  coefficients  are  thus  the  same  as  those  used  in  the  1918  report.  Coefficients 
P  P 

Tc,  Qc,  ^  \3[)m  an(*  aA''Z>5  °^tno  report  are  comparable  to  those  of  this  investigation  when 
multiplied  by  3.28. 

The  results  aro  presented  in  the  form  of  curves  of  Tc,  Qc,  and  p,  plotted  on        (Pis.  I  to 

XVI)  and  of  log  Jjfity  and  log  ^Jraps  plotted  on  log  ~    (Pis.  XVII  to  XXIV).  The  use  of 

these  diagrams  has  been  described. 1  About  one-half  the  observations  actually  made  are  plotted 
On  the  curves  of  Tc  and  Qc,  it  being  thought  desirable  to  avoid  confusion  of  the  diagrams  by 
multiplicity  of  points.    Those  shown  are  typical. 

DISCUSSION  OF  RESULTS. 

THRUST. 

THRUST  IN  RELATION  TO  PITCH  RATIO. 

The  curves  of  Tc  for  propellers  111,  112,  113,  and  114  compared  with  thoso  for  propellers 

y 

with  similar  characteristics  except  pitch  show  that  in  general  for  a  given  value  of  toj  thrust 

V 

increases  with  pitch  ratio.    At  the  lower  values  of  y^,  however  (below  0.5),  it  appears  that  the 

increment  of  thrust  is  less  than  that  of  pitch  ratio  and  that  the  limit  of  thrust  is  soon  reached. 

P 

This  is  shown  most  clearly  by  curves  of  ^jfijys  on  Plates  XIX,  XXIII,  and  XXIV. 

THRUST  IN  RELATION  TO  BLADE  SECTION. 

(o)  Rounded,  face. — Tho  thrust  of  propellers  115,  116,  117,  118,  and  119  for  the  same  value 

of        is  less  than  that  for  the  same  form,  area,  and  nominal  pitch,  straight-face  blades  11,7, 

and  3  of  tho  1917  report,  82  of  the  1918  report,  and  113  of  the  present  series.  A  part  of  this 
reduction  of  thrust  may  be  accounted  for  by  the  smaller  dynamic  pitch. 

(b)  Position  of  maximum  ordinate. — Propellers  120,  121,  7  of  1917,  122,  and  123  show  that 
V 

for  a  given  value  of       tho  thrust  increases  with  the  movement  of  the  maximum  ordinate  of 

section  away  from  tho  leading  edge,  until  about  33  per  cent  of  the  width  is  reached.  Beyoifd 
this  there  appears  to  be  little  change  in  thrust,  No.  122  showing  slightly  less  than  No.  7  and 
No.  123  nearly  tho  same.  The  variation  in  thrust  is  perhaps  not  greater  than  would  be  expected 
from  the  variation  in  dynamic  pitch. 

.  (c)  Leading  one-third  <  f  face  rounded  by  miving  leading  edge  forward.— Pushing  the  leading 

V 

edgo  forward  decreases  thrust  for  a  given  value  of  j*jk  except  at  low  slip,  where  125  gives 

somewhat  greater  thrust  than  124  and  126  greater  than  125.  The  thrust  of  No.  7  (1917)  is 
greater  than  any  of  above. 

THRUST  IN  RELATION  TO  RADIALLY  INCREASING  PITCH. 

For  propellors  11,  and  23  of  1917  and  127  and  128  of  the  present  series,  at  a  given  value  of 

the  thrust  varies  inversely  with  the  "angle  of  attack."    The  variation  is  not  greater  than 

would  be  expected  from  tho  variation  of  dynamic  pitch. 
The  same  is  true  of  series  7,  19,  129,  and  130. 

For  series  3,  15,  131,  132;  82,  133,  134,  135;  113,  136,  137,  138;  the  differences  are  less 
marked.  In  some  cases  it  is  in  one  direction  and  in  some  in  the  other.  This  is  accounted  for 
by  the  fact  that  with  the  larger  pitch  ratios  the  variation  of  pitch  is  less  than  with  the  smaller 
pitch  ratios  for  the  same  "angles  of  attack." 

'  Report  14,  Third  Annual  Report  1917, 
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POWER. 

POWER  IN  RELATION  TO  PITCH  RATIOS. 
As  would  be  expected,  the  larger  the  pitch  ratio,  the  greater  the  power  absorbed  at  a  given 
value  of  j^jj- 

POWER  IN  RELATION  TO  'BLADE  SECTION. 

(a)  Rounded  face. — The  rounded-face  blades  115,  116,  117,  118,  and  119  absorb  less  power 

V  . 
at  a  given  value  of  j^jj  than  the  corresponding  straight-face  blades  Xos.  11,  7,  3,  82,  and  113. 

V 

(b)  Position  of  maximum,  ordinate  of  blade  section. — At  a  given  value  of        power  increases 

as  the  maximum  ordinate  of  the  section  is  moved  away  from  the  leading  edge  until  about  33 
per  cent  of  the  width  has  been  traversed.  Beyond  this  point  there  is  comparatively  little  differ- 
ence in  the  models  tested. 

(c)  Leading  one-third  of  face  rounded  by  moving  leading  edge  forward.- — Power  absorbed  for 

y 

a  given  value  of        increases  as  the  leading  edge  of  the  propeller  blade  is  pushed  forward. 

V 

An  exception  to  this  appears  in  propeller  126  where  for  values  of  between  0.55  and  0.75 
the  power  absorbed  by  No.  126  is  slightly  less  than  that  for  No.  125. 

POWER  IN   RELATION  TO  RADIALLY  INCREASING  PITCH. 

The  two  series  11,  23,  127,  128,  and  7,  19,  129,  130  show  the  same  general  relations  of  power 
absorbed  as  of  thrust  developed;  that  is,  power  varying  inversely  with  the  "angle  of  attack." 
Also,  as  with  thrust,  the  differences  in  the  larger  pitch  ratios  are  small.  In  the  case  of  series 
113,  136,  137,  138  there  is  little  difference  between  the  torque  curves.  It  is  sometimes  in  one 
direction  and  sometimes  in  the- other. 

EFFICIENCY. 

EFFICIENCY  IN  RELATION  TO  PITCH  RATIO. 

The  1.3  pitch  ratio  propellers  show  a  larger  range  of  efficiency  and  a  slightly  higher  maxi- 
mum than  similar  forms  tested  in  1918  (1.1  pitch  ratio).  There  is  a  marked  decrease  in  effi- 
ciency at  the  higher  slips,  some  blades  showing  an  efficiency  curve  which  is  slightly  concave 

V 

upward  at  the  lower  value  of  y^-  This  was  not  unexpected  from  tests  on  the  variable  pitcli 
propeller  No.  96  in  1918. 

EFFICIENCY  IN  RELATION  TO  BLADE  SECTION. 

(a)  Rmtnded  face. — Propellers  115,  116,  117,  118,  and  119  have  practically  the  same  effi- 
ciency curves  as  Nos.  11,  7,  3,  82,  and  113  (straight  face).  Although  the  thrust  developed  is 
less  for  the  former,  the  power  absorbed  is  proportionally  less,  so  that  the  efficiency  is  little 
affected.  Having  slightly  less  dynamic  pitch,  a  slightly  less  maximum  efficiency  for  the  rounded- 
face  series  is  to  be  expected.  It  appears,  however,  that  the  strength  of  blades  may  be  consider- 
ably increased  by  slightly  rounding  the  face,  and  with  little  or  no  corresponding  loss  in  effi- 
ciency. 

(b)  Position  of  maximum  ordinate. — Cross  curves  of  efficiency  for  propellers  120,  121,  7 
of  1917,  122,  and  123  show  highest  efficiency  for  No.  7,  whose  maximum  ordinate  of  section  is 
one-third  of  the  width  from  the  leading  edge.  No.  121  appears  superior  to  No.  120.  There  is 
little  difference  between  Nos.  122  and  123,  but  both  are  distinctly  less  efficient  than  No.  7. 

(c)  Leading  one-third  of  face  rounded  by  pushing  leading  edge  forward. — Pushing  the  leading 
edge  forward  increases  the  maximum  efficiency  attained  but  decreases  the  efficiency  over  the 
working  range.  The  increase  in  maximum  efficiency  is  not  more  than  would  be  expected  from 
the  increaseiinjdynamic  pitch. 
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EFFICIENCY  EN  RELATION  TO  RADIALLY  EXPANDING  PITCH. 

The  five  series  of  propellers,  11,  23,  127,  128;  7,  19,  129,  130:  3,  15,  131,  132;  82,  133,  134. 
135;  113,  136,  137,  138,  seem  to  indicate  that  no  advantage  in  efficiency  is  to  be  gained  from  a 
radially  expanding  pitch  produced  by  the  method  of  design  followed.  Although  these  series 
show  with  increasing  "angle  of  attack"  slight  increases  in  efficiency  over  the  usual  working 
range,  there  is  an  accompanying  reduction  in  maximum  efficiency,  both  of  which  results  are 
to  be  expected  from  the  decrease  in  dynamic  pitch. 

As  with  thrust  and  power,  the  differences  for  the  small  pitch  ratios  are  more  marked  than 
those  for  the  larger  ones. 
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Plate  II. 
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Plate  III. 


Plate  IV. 


EXPERIMENTAL  RESEARCH  ON  AIR  PROPELLERS,  III. 


Plate  VI. 


334 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Plate  VII. 
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FOREWORD. 


This  publication  is  one  of  a  series  of  eight  monographs  prepared  by  the  Forest  Products 
Laboratory  of  the  Forest  Service,  United  States  Department  of  Agriculture,  for  publication 
by  the  National  Advisory  Committee  for  Aeronautics. 

The  purpose  of  the  series  of  monographs  is  to  discuss  in  detail  the  various  requirements  of 
wood  for  use  in  aircraft,  and  also  to  make  public  some  of  the  results  obtained  in  the  experimental 
and  testing  work  of  the  Forest  Products  Laboratory  undertaken  for  the  Army  and  Navy 
during  the  war. 

The  subjects  discussed  in  the  series  will  include:  (1)  Kiln  drying  of  airplane  woods,  (2) 
the  effect  of  kiln  drying  on  strength,  (3)  the  care  of  airplane  stock,  (4)  the  composition  and  use  of 
glues,  (5)  the  manufacture  and  testing  of  ply  wood,  (6)  wood  in  airplane  construction,  (7) 
moisture-resistant  finishes,  and  (8)  wood  airplane  parts. 
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THE  KILN  DRYING  OF  WOODS  FOR  AIRPLANES. 

By  ITarrv  D.  Tiemann. 

I.  INTRODUCTION. 
K1I.N  DRYING  UNDER  WAR  CONDITIONS. 

The  exigencies  of  the  war  and  the  scarcity  of  air-dried  material  necessitated  the  kiln  drying, 
immediately  from  the  green  condition,  of  practically  all  of  the  wood  used  in  the  United  States 
for  airplanes.  This  was  a  complete  reversal  of  established  practice  and,  from  the  standpoint 
of  commonly  accepted  beliefs,  was  a  dangerous  innovation.  England  and  France  specified 
against  "kiln  drying"  airplane  woods,  but  in  certain  instances  permitted  "conditioning,"  that 
is,  allowing  the  lumber  to  remain  in  a  slightly  heated  dry  room,  usually  at  25°  C.  (77°  F.)  or 
30°  C.  (86°  F.).  A  higher  moisture  content,  however,  was  allowed  there  than  in  this  country, 
.the  British  requirement  being  15  per  cent  for  most  woods  and  18  per  cent  for  ash,  with  an 
allowable  variation  of  3  per  cent. 

Perhaps  the  term  "kiln  drying"  has  an  unfortunate  association  with  lime  or  pottery  or  brick 
kilns,  in  which  the  material  is  baked.  It  must  be  admitted  that  the  results  formerly  obtained  in 
kiln  drying  lumber  tended  to  create  a  prejudice  in  favor  of  the  time-honored  methods  of  slow 
air  seasoning.  The  application  of  artificial  heat,  in  the  absence  of  thorough  scientific  knowledge 
of  the  principles  involved  and  the  development  of  a  correct  technique,  resulted  in  much  injury  to 
the  wood  in  checking,  loss  of  strength,  and  warping. 

Within  the  last  10  years  the  United  States  has  taken  the  lead  in  placing  the  subject  on  a 
technical  and  scientific  basis.  It  is  now  a  well-established  fact  that  many  species  of  wood  can  be 
dried  from  the  green  state  with  better  results  than  can  be  obtained  by  the  irregular  and  unscien- 
tific method  of  air  drying.  While  the  chief  reason  for  kiln  drying  in  the  past  has  been  a  saving 
of  time,  as  the  methods  are  perfected  the  superiority  of  the  results  obtained,  from  a  quality 
standpoint,  will  be  an  increasingly  important  consideration. 

Ordinary  air  seasoning,  on  account  of  its  vicissitudes  due  to  inability  to  control  the  process,  is 
far  from  an  ideal  method  of  conditioning,  even  though  the  element  of  time  did  not  enter  into  the 
question.  This  is  particularly  true  for  the  more  refractory  and  the  more  valuable  woods  and 
for  all  woods  which  are  required  for  very  exacting  purposes,  such  as  airplanes.  It  should  not 
be  overlooked,  however,  that  a  very  gradual  seasoning  at  air  temperature,  provided  conditions 
are  properly  controlled,  can  not  be  excelled  in  its  effect  upon  quality.  This  is  true  for  the  reason 
that  the  moisture  difference  between  the  outer  surface  and  the  interior  is  thereby  kept  at  a 
minimum,  so  that  no  appreciable  stresses  are  brought  about  by  unequal  shrinkages. 

Because  of  the  shortcomings  of  air  seasoning  various  auxiliary  methods  have  been  sometimes 
used,  such  as  preliminary  soaking  for  years  in  ponds  of  water  (still  practiced  in  parts  of  Japan 
and  Sweden)  or  burying  in  the  ground  or  in  manure. 

Although  the  popular  prejudice  against  kiln  drying  has  not  been  entirely  removed,  especially 
in  European  countries,  this  method  of  conditioning  lumber  is  now  a  scientific  art  and  not  a 
haphazard  guess.  Exhaustive  strength  tests  made  recently  by  the  Forest  Products  Laboratory 
have  shown  beyond  question  that  properly  kiln-dried  wood  is  just  as  strong,  tough,  and  stiff  as 
tho  best  air-dried  material. 
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Kiln  drying  for  special  purposes,  such  as  airplanes,  should  be  looked  upon  as  a  highly  tech- 
nical art.  Lumber  can  be  much  more  easily  injured  in  a  dry  kiln  than  if  left  to  dry  in  a  shed 
exposed  to  the  air,  and  unless  the  kiln  drying  is  properly  conducted  nir  drying  is  safer.  But 
if  the  kiln  is  in  charge  of  a  tcchincal  expert,  and  the  process  is  carried  on  in  a  scientific  manner, 
kiln  drying  is  greatly  to  be  preferred  to  ordinary  air  drying. 

The  exigencies  brought  about  by  the  war  left  no  choice  but  to  use  kiln-dried  material.  To 
air  dry  Douglas  fir  wing  beams  requires  ordinarily  from  12  to  18  months.  They  maybe  kiln 
dried  in  18  to  24  days.  To  air  dry  hardwood  propeller  stock  takes  at  least  one  and  preferably 
two  years.  The  same  material  can  be  kiln  dried  and  brought  to  equally  good  condition  in  a 
month's  time.    Air  drying  was,  under  the  circumstances,  wholly  out  of  the  question. 

QUALITIES  OF  PROPERLY  DRIED  WOOD. 

Whether  kiln  dried  or  air  dried,  the  success  of  the  seasoning  process  depends  upon  the 
extent  to  which  the  following  requirements  are  met. 

The  material  should  be  free  from  surface  and  end  checks.  Such  checks  are  not  necessarily 
visible.  They  may  develop  in  the  drying  process  and  close  up  again  when  it  is  completed. 
This  does  not  rectify  the  injury;  the  checks  arc  still  present,  though  pressed  tightly  together. 
Such  material  is  unsuitable  for  airplanes. 

The  wood  must  be  entirely  free  from  internal  checks,  or  "honeycombing"  (see  PI.  II).  Such 
checks  may  be  invisible  upon  the  surface,  but  are  evident  when  the  stick  is  cut  into. 

The  wood  must  be  free  from  "casehardening."  Casehardening  is  due  to  internal  stresses. 
It  is  discussed  in  detail  on  page  19.  Casehardcned  wood  warps  and  cups  when  resawed  or  cut 
into  small  pieces  (see  PI.  III).  Sometimes  the  internal  stresses  may  be  only  temporary,  due 
to  unequal  moisture  distribution,  and  disappear  when  the  moisture  equalizes.  In  that  case  they 
are  not  serious,  provided  rcsawing  does  not  take  place  in  the  meantime.  Or  they  may  remain 
in  the  wood  indefinitely.    Such  stresses  are  of  course  detrimental. 

The  moisture  must  be  uniformly  distributed.  In  poorly  dried  lumber,  portions  of  it  may 
still  retain  some  free  water  while  other  portions  are  very  dry.  Or  there  may  be  a  wet  core  in 
the  center  while  the  outside  is  dry  (see  Plate  IV,  fig.  1.)  Both  conditions  are  extremely  bad, 
as  it  will  require  an  excessively  long  period  before  the  moisture  will  equalize,  and  in  the  equaliz- 
ing process  the  wood  is  subject  to  all  the  dangers  which  it  faced  in  the  original  drying.  Wood 
should  never  be  manufactured  into  finished  parts  while  the  moisture  distribution  is  unequal, 
since  the  relativo  dimensions  are  certain  to  change  when  the  moisture  finally  equalizes,  so  the 
parts  will  no  longer  correspond  in  size. 

The  strength  and  toughness  of  the  wood  must  be  at  a  maximum.  High  temperatures  and 
excessive  internal  stresses  during  drying  cause  injury  to  the  strength  and  toughness.  The 
effects  vary  considerably  with  different  species.  Softwoods  as  a  rule  are  less  subject  to  injury 
of  this  kind  than  are  hardwoods.  Excessive  drying  may  of  itself  cause  brittleness,  even  though 
the  wood  has  subsequently  reabsorbed  moisture.  For  this  reason  the  d^'ing  must  not  bo  carried 
too  far.  The  requirements  for  airplanes  are  so  exacting  that  material  which  would  be  entirely 
satisfactory  for  commercial  uses  might  be  altogether  unsuitable  for  airplanes.  Visual  inspec- 
tion of  the  dried  wood  is  inadequate,  since  injury  to  strength  may  occur  without  any  defect 
visible  to  the  eye.    Hence  the  drying  process  itself  must  be  closely  watched  and  controlled. 

The  wood  should  be  free  from  excessive  collapse  and  free  from  warping.  Collapse  is  a  sinking 
in  of  the  fibers  (see  Plate  IV,  fig.  2)  much  in  the  same  way  that  a  rubber  tube  collapses  when 
subjected  to  an  internal  vacuum.    Certain  species  are  peculiarly  subject  to  this  phenomenon. 

In  ordinary  commercial  work,  drying  without  loosening  the  knots  or  causing  them  to  pro- 
trude is  a  prime  consideration.  In  conditioning  airplane  stock  it  is  of  course  unnecessary  to 
give  consideration  to  this  point,  since  all  knots  of  any  consequence  are  excluded. 

Shrinkage  should  be  the  minimum  consistent  with  securing  the  other  qualities.  It  is  not 
an  independent  factor;  in  fact,  the  very  conditions  most  favorable  for  least  shrinkage  are  also 
those  most  favorable  to  the  development  of  internal  stresses  and  casehardening.  Shrinkage, 
if  not  unreasonable  in  amount,  must  therefore  be  largely  disregarded. 
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FIG.  2.— THE  SAME  MATERIAL  SHOWN  IN  FIGURE  1  AFTER  KILN  DRYING. 
The  checks  have  closed  up,  but  the  injury  remains. 


PLATE  I 


BADLY  HONEYCOMBED  OAK  STOCK. 
Result  of  too  severe  casehardenlng  In  drying. 
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PLATE  III. 


CASEHARDENING  EVIDENCED  BY  CUPPING  OF  THE  BOARDS  WHEN  SAWED  THROUGH  PARALLEL  TO  THE  SURFACE. 
In  Nos.  4.  5,  6  the  stresses  have  been  neutralized  by  steaming  36  minutes.    In  No  7  the  stresses  were  reversed  by  steaming  3  hours. 
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PLATE  IV. 


FIG.  1. — PARTIALLY  DRIED  WOOD  WITH  AN  AREA  OF  FREE  WATER  REMAINING  IN  THE  CENTER. 

This  block  is  in  the  first  stages  of  casehardenlng.    31  by  3i  Inch  oak  wheel  rim. 


COLLAPSE 

W 

DOUCLAS  FIR 

REDWOOD 

FIG.  2.— EXTREME  CASE  OF  COLLAPSE  IN  2  BY  2  INCH  STICKS  OF  DOUGLAS  FIR  AND  REDWOOD. 
PRODUCED  BY  HIGH  TEMPERATURE  WHILE  MOIST. 
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There  is  no  positive  means  of  determining  whether  a  piece  of  wood  has  boen  kiln  dried  or 
air  dried,  if  the  drying  has  been  properly  dono,  except  where  the  tomporatures  used  have  been 
sufficiently  high  to  harden  the  resins  or  gums  or  to  discolor  the  wood.  However,  the  outer 
layer  of  kiln-dried  wood  only  a  few  days  out  of  the  kiln  is  apt  to  be  considerably  drier  than  the 
inside,  whereas  air-dried  wood  will  generally  be  of  uniform  moisture  content  because  it  lias  had 
plenty  of  time  for  the  moisture  to  equalize,  or  it  may  be  evon  drier  in  the  center  than  on  the  sur- 
face. But  after  the  kiln-dried  wood  has  been  allowed  to  stand  for  several  weeks,  its  moisture 
ma)r  become  evenly  distributed. 

EXACTING  REQUIREMENTS  OF  AIRPLANE  STOCK. 

For  ordinary  commercial  purposes  a  reduction  in  strength  of  15  or  20  per  cent  below  the 
standard  is  of  little  or  no  importance  in  comparison  with  honey-combing,  checking,  and  case- 
hardening,  which,  in  the  order  named,  are  the  most  serious  injuries  likely  to  occur.  Collapse, 
warping,  and  loosening  of  knots  are  also  of  importance,  but  are  not  likely  to  give  troublo  in 
any  treatment  which  does  not  produce  the  first-named  injuries.  As  these  conditions  are  all  visi- 
ble to  the  eye,  it  is  comparatively  easy  to  adjust  tho  drying  operation  until  they  are  eliminated. 
Moreover,  in  most  cases  a  slight  checking,  particularly  when  these  checks  finally  close  up  again, 
is  not  considered  detrimental,  and  for  some  purposes  quite  severe  casehardening  is  not  especially 
objectionable.  Unequal  moisture  distribution,  however,  is  always  bad,  except  for  the  very 
roughest  kind  of  work.  Collapse,  while  quite  common,  does  not  occur  in  sufficient  quantity 
to  cause  trouble,  and  warping  is  usually  avoidable  by  proper  caro  in  piling.  Considerable  lee- 
way is  therefore  possible  in  ordinary  commerical  drying  operations,  which  explains  the  wide 
differences  in  the  methods  used.  Even  so,  however,  enormous  losses  exist  which  might  well 
bo  wholly  avoided  by  more  care  and  intelligence  in  the  treatment  and  in  the  design  of  the  kilns. 
Moreover,  the  more  exacting  the  requirements  of  the  product,  as  for  the  best  cabinet  work, 
tools,  musical  instruments,  etc.,  the  greater  refinement  is  necessary  in  the  drying  process. 

For  airplanes,  however,  strength  and  toughness  are  the  prime  requirements,  and  these  quali- 
ties can  not  be  determined  by  visual  inspection.  This  fact  renders  tho  drying  of  lumber  for 
airplanes  a  much  more  difficult  and  refined  operation  than  for  most  other  purposes.  Actual 
mechanical  tests  are  the  only  means  of  determining  with  any  degree  of  certainty  whether  the 
material  comes  up  to  the  standard.  Since  the  dry  kiln  operator  can  not  be  guided  by  the 
appearance  of  the  material,  it  is  necessary  to  follow  quite  strictly  certain  prescribed  specifica- 
tions as  to  the  drying  operations.  Different  species  require  different  treatments,  as  some  are 
injured  by  conditions  which  are  not  harmful  to  others. 

RELATION  BETWEEN  STRENGTH  AND  DRYNESS. 

Dry  wood  is  naturally  very  much  stronger  than  wet.  The  crushing  strength  of  green  or  wet 
spruce  is  increased  over  fourfold  merely  by  drying.1  It  follows  that  tho  question  what  effect 
any  particular  process  of  drying  has  had  upon  the  strength  is  necessarily  a  comparative  ono. 
From  the  mere  fact  that  it  has  been  dried,  tho  wood  has  presumably  been  made  stronger;  the 
question  is  to  what  extent,  or  in  other  words  whether  the  maximum  of  strength  has  been  ob- 
tained. The  answer  to  such  a  question  can  only  be  given  through  a  comparison  with  some 
other  drying  process  assumed  as  a  Standard.  In  making  such  a  comparison  the  degree  of  dry- 
ness obtained  must  also  be  taken  into  account,  since  the  strength  increases  progressively  with 
reduction  in  the  moisture  content.  For  example,  air-dried  material  may  be  taken  as  a  standard. 
In  that  case  the  comparison  would  be  made  between  kiln-dried  material  and  air-dried  wood  of 
the  same  moisture  content. 

To  make  this  matter  clear  and  to  facilitate  further  discussion  of  the  general  subject  it  is  nec- 
essary to  have  in  mind  the  basic  facts  regarding  the  composition  of  wood  and  the  manner  in 
which  it  dries. 


1  Forest  Service  Bulletin  70  ,"The  Effect  of  Moisture  upon  the  Strength  and  Stiffness  of  Wood,"  by  il.  D.  Tieniiinn,  1806.  Forest  Service  Cir- 
cular 108,  "The  Strength  of  Wood  as  Inlluonced  by  Moisture."  by  same  author. 


II.  HOW  WOOD  DRIES. 

THE  COMPOSITION  OF  WOOD. 

Wood  is  made  up  of  minute  cells,  arranged  somewhat  as  the  cells  in  a  honeycomb  except  that 
the  cells  in  wood  aro  very  much  longer  in  proportion  to  their  width  than  in  a  honeycomb,  and 
are  not  as  uniform.  In  the  "softwoods"  (gymnosperms)  the  vertical  cells  are  fairly  uniform 
in  shape  and  size:  but  in  the  "hardwoods"  (angiosperms)  they  vary  greatly,  some  being  fifty 
times  as  wide  as  others,  the  wide  ones  being  termed  "vessels"  or  "pores,"  and  the  narrow  ones 
"wood  fibers."  Interspersed  between  these  vertical  cells  and  fibers  and  lying  in  a  horizontal 
radial  direction  are  the  medullary  rays,  appearing  as  the  "silver  grain"  on  quarter-sawed  oak. 
The  medullary  rays  are  composed  of  short,  blunt,  thin-walled  cells,  similar  to  pith  tissue,  and 
are  shaped  like  two-edged  swords  set  edgewise. 

Plate  V  is  a  cross  section  of  a  gymnospcrm  (Picea  rubens),  and  Plate  VI  of  an  angiosperm 
{Quercus  rubra  or  borealis),  both  magnified  the  same  amount,  250  diameters. 

The  substance  of  which  wood  is  composed  is  half  as  heavy  again  as  water;  its  specific 
gravity  is  1.56.  It  is  organic  and  consequently  very  complex  in  structure.  The  cell  walls  are 
thought  to  be  built  up  of  small  particles  closely  laid  together,  the  interstices  being  capable  of  filling 
up  with  moisture.  The  foundation  part  of  this  substance  is  known  as  cellulose.  With  it  is 
combined  another  material  called  lignin  which  adds  to  the  strength  of  the  cell  walls  and  gives 
them  a  color. 

MOISTURE  AND  ITS  REMOVAL. 

Wood  in  the  living  tree  contains  a  great  amount  of  moisture,  varying  from  30  per  cent  of  the 
dry  weight  in  the  heartwood  of  some  conifers,  to  over  200  per  cent  in  some  of  the  hardwoods. 
This  moisture  content  must  be  greatly  reduced  before  the  wood  is  fit  for  use  for  most  purposes. 

In  order  to  pass  out  from  the  interior  of  a  board  or  timber  the  water  must  ordinarily  pass 
transversely  from  cell  to  cell  and  evaporate  from  the  surface.  It  is  true  that  it  can  travel 
lengthwise  very  much  more  rapidly,  as  is  evidenced  by  the  end  checking  of  lumber,  but  end 
drying  can  not  be  counted  upon  for  removal  of  moisture  from  the  center  of  a  long  stick.  This 
process  of  transfusion  from  cell  to  cell  is  very  slow,  so  that  in  ordinary  air  drying  it  takes  1-inch 
boards  from  six  months  to  three  years  to  reach  12  or  14  per  cent  moisture  content,  depending 
upon  the  kind  of  wood  and  the  conditions  under  which  it  is  dried. 

In  kiln  drying,  the  process  is  greatly  hastened  by  increasing  the  temperature  and  the  air 
movement,  thus  increasing  the  rate  of  surface  evaporation.  This  necessarily  increases  the 
differential  in  moisture  content  between  the  interior  and  the  outer  surface,  since  the  rate  of 
transfusion  of  moisture  from  the  interior  outward  is  partially  proportional  to  this  moisture 
difference.  While  the  increased  temperature  presumably  increases  the  transfusibility  of  the 
wood,  it  does  not  do  so  in  proportion  to  the  increased  rate  of  surface  evaporation.  This  neces- 
sary increase  in  the  moisture  difference  brought  about  in  order  to  hasten  the  drying  is  what 
causes  the  main  difficulties  in  the  kiln  di  ving  of  woods. 

These  difficulties  are'  due  to  the  changes  which  take  place  in  the  wood  itself  in  connection 
with  the  drying  process  after  it  has  reached  a  certain  point.  Water  exists  in  green  wood  in 
two  forms — as  liquid  water  contained  in  the  cavities  of  the  cells  and  pores  and  as  "imbibed" 
or  hygroscopic  water  intimately  absorbed  in  the  substance  of  which  the  wood  is  composed. 
The  removal  from  the  holes  or  pores  of  the  free  water  will  evidently  have  no  effect  upon  the 
physical  properties  or  shrinkage  of  the  wood,1  but  as  soon  as  any  of  the  "imbibed"  moisture  is 

'  An  exception  to  this  statement  occurs  in  certain  species,  notably  in  western  red  cedar  (  Thujaplicala),  in  eucalyptus,  and  inredwood  (Sequoia 
sempervirens)  ,in  which  a  collapse  of  the  cell  walls  takes  place  in  spots  or  bands  during  the  evaporation  of  the  free  water.  This  collapse  occurs  only  in 
excessively  wet  regions  and  when  the  woodisdried  at  too  high  a  temperature.  Theexplanalion  of  this  peculiar  phenomenon  appears  to  bo  that  the 
cell  walls,  which  are  practically  impervious  to  air  while  wet,  but  through  which  water  may  readily  pass,  become  solt  and  plastic  when  heated. 
Under  this  condition  those  cells  which  are  completely  full  of  water  to  start  with  are  subjected  to  an  internal  suction  or  tension  produced  by  the 
depletion  of  the  water  in  the  cavity  by  its  evaporation  through  the  cell  walls.    The  cells  then  collapse  like  rubber  tubes,  one  layer  after  another. 
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PLATE  V. 


MICROSCOPIC  SECTION  OF  A  GYM NOSPERM  ("SOFTWOOD"),  A  PIECE  OF  RED  SPRUCE  (PICEA  RJ3;\|3)    \  f 

JUNCTION  OF  TWO  ANNUAL  RINGS. 

The  vertical  lines  are  the  medullary  rays  (radial).   The  center  of  the  tree  is  below.    Two  resin  ducts  are  visible  in  the  summer  wood. 

Magnified  250  diameters. 
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PLATE  VI. 


MICROSCOPIC  SECTION  OF  AN  ANGIOSPERM  ("HARDWOOD")  A  PIECE  OF  RED  OAK  (QUERCUS  RUBRA  OR  BOREALIS) 

AT  JUNCTION  OF  TWO  ANNUAL  RINGS. 

The  open  vessels  or  "pores"  are  shown  in  the  summer  wood  and  a  large  medullary  ray  (radial)  on  the  right.    The  center  of  the  tree 

is  below.    Magnified  250  diameters. 
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removed  from  the  cell  walls  shrinkage  begins  to  take  place  and  other  changes  occur.  The 
strength  also  begins  to  increase  at  this  time.  The  point  where  the  cell  walls  or  wood  substance 
becomes  saturated  is  called  the  "fber-satvration  point,"  and  is  a  significant  point  in  the  drying 
of  wood.  In  some  cases  the  free  water  can  easily  be  removed  by  heating  it  above  its  boiling 
point,  but  in  many  cases  this  will  injure  the  wood  and  in  others  the  water  contained  in  the 
cells  themselves  will  not  be  forced  out  in  this  manner,  oidy  that  from  the  open  vessels  or  pores 
passing  off  in  vapor.  The  chief  difficulties,  however,  come  in  evaporating  the  free  water  where 
it  has  to  be  removed  through  its  gradual  transfusion  through  the  cell  walls  instead  of  by  boiling. 
The  problem  lies  in  the  danger  of  drying  the  surface  below  its  fiber-saturation  point  while  free 
water  still  remains  in  the  interior. 

The  fiber-saturation  point  lies  between  a  moisture  condition  of  20  per  cent  and  one  of  35 
per  cent  of  the  dry  weight  of  the  wood,  depending  upon  the  species.1  In  the  living  tree  the 
wood  is  always  above  its  liber-saturation  point. 

PROPERTIES  AND  BEHAVIOR  OF  WOOD  IN  CONNECTION  WITH  MOISTURE  REMOVAL. 

GENERAL. 

Different  species  vary  greatly  in  the  phenomena  of  drying.  This  is  due  to  the  fact  that  the 
properties  which  all  possess  in  varying  degree  are  combined  in  very  different  proportions.  In 
consequence  the  response  to  a  given  set  of  conditions  is  of  a  widely  diverse  character. 

One  of  these  properties  is  the  capacity  to  transfuse  moisture.  The  rate  of  transfusion 
is  very  slow  in  some  woods,  as  oak,  and  fairly  rapid  in  others,  as  pine.  The  relation  between 
rate  of  transfusion  and  temperature  has  already  been  mentioned  in  the  preceding  section. 
Transfusibility  is,  of  course,  the  fundamental  property  of  wood  which  makes  drying  possible, 
and  the  art  of  drying  consists  in  so  controlling  transfusion,  through  control  of  the  factors  of 
temperature,  humidity,  and  circulation  on  which  its  rate  depends,  that  the  changes  in  the  other 
properties  of  wood  which  accompany  drying  are  as  favorable  as  possible. 

Hygroscopicity  is  a  property  of  wood  closely  related  to  transfusibility.  It  is  the  property 
by  virtue  of  which  wood  substance  absorbs  or  loses  moisture  in  proportion  to  the  relative 
humidity  of  the  air,  the  rate  varying  slightly  according  to  the  temperature. 

Change  in  color  occurs  in  some  species  in  drying.  This  is  distinct  from  sap  stain  or  colore 
caused  by  fungus  or  bacteria.  It  is  notable  in  hard  maple  sapwood  and  in  sugar  pine.  In 
the  maple  a  moist,  warm  atmosphere  is  conducive  to  this  coloration. 

Under  moist  conditions  combined  with  high  temperature  the  wood  substance  becomes 
soft  and  plastic,  while,  on  the  other  hand,  as  the  moisture  falls  below  the  liber-saturation  point 
the  wood  substance  hardens  and  stiffens.  The  effect  of  temperature  upon  plasticity  varies 
greatly  with  different  species,  some,  as,  for  example,  western  red  cedar,  redwood,  oak,  and 
eucalyptus,  becoming  excessively  soft,  even  at  temperatures  as  low  as  150°  or  170°  F. 

Tenacity,  or  cohesion  between  the  fibers,  easily  breaks  down  with  increase  in  temperature 
in  such  woods  as  western  larch  and  the  southern  swamp  oaks,  thus  permitting  internal  stresses 
to  cause  checking  with  great  readiness. 

Brittleness  is  produced  by  excessive  drying. 

Strength  in  wood  is,  of  course,  a  very  complex  matter.  It  can  not  bo  discussed  at  length 
bore.  It  is  not  a  single  property,  nor  even  strictly  speaking  a  group  of  properties,  but  is  of 
various  kinds,  oach  kind  boing  the  result  of  more  fundamental  properties  of  the  wood  substance 
and  of  its  condition  with  respect  to  such  matters  as  internal  stresses,  checks,  and  other  defects. 
The  subject  of  the  strength  of  woods  for  airplane  stock  is  covered  by  another  contribution  to 
this  series  of  monographs,  entitled  "Effect  of  Kiln  Drying  on  the  Strength  of  Airplane  Woods." 
Among  the  phenomona  which  attend  the  drying  of  wood  are  two  of  such  fundamental  impor- 
tance as  to  require  further  consideration.  They  are  not  independent,  for  the  second  is  largely 
an  effect  of  the  first,  but  must  be  discussed  independently.  Both  affect  the  strength  as  well  as 
the  form  of  the  wood.    They  are  shrinkage  and  casehardening. 

'  See  Forest  Service  Circular  108,    "The  Strength  ot  Wood  as  Influenced  by  Moisture." 
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SHRINKAGE. 

It  was  previously  stated  that  shrinkage  does  not  take  place  until  removal  of  tho  "imbihod" 
water  from  tho  coll  walls  begins.  To  this  statomont  certain  species  of  eucalyptus,  oak,  and  prob- 
ably other  woods  appear  to  present  an  exception  in  that  shrinkage  begins  at  a  moisture  condi- 
tion of  from  80  to  90  per  cent  of  the  dry  woight.  It  is  probable  that  this  apparont  shrinkage  may 
in  reality  bo  a  form  of  collapse. 

Wood  shrinks  differently  in  different  directions — as  a  rule  it  may  be  considered  to  shrink 
twice  as  much  circumferentially  as  it  does  radially,  and  about  one-fiftieth  as  much  longitudi- 
nally, although  this  also  varies  in  different  species.  Shrinkage  continues  until  the  substance 
is  perfectly  dry  (*-'oven  dry"),  and  it  begins  to  swell  again  by  absorption  of  moisture  as  soon  as 
it  is  exposed  to  moist  air.  Alternate  shrinking  and  swolling  is  inevitable  with  changes  in  tho 
relative  humidity  of  tho  surrounding  air.  This  causes  the  so-called  "working"  of  the  wood. 
Different  spocios  vary  greatly  in  this  rospoct. 

Wood  shrinks  more  when  dried  slowly  under  moist  conditions,  especially  at  high  tem- 
perature, than  when  dried  rapidly.1 

CASEHAKDENING. 

Caschardening  is  a  somewhat  ambiguous  term  as  commonly  usod.  It  signifies  in  general  a 
hardenod  case  on  tho  outside  of  tho  wood.  In  metal  tempering  the  samo  word  denotes  the  con- 
dition produced  when  tho  outer  surface  of  an  iron  casting  is  changed  to  steol  by  heat  treatment 
which  removes  part  of  its  carbon.  Doubtless  tho  apparont  analogy  led  to  application  of  tho 
word  to  conditions  developed  by  heat  treatment  of  wood.  The  analog}-,  however,  is  not  a  very 
good  ono  and  should  not  be  followed  too  closely. 

In  soasoning  wood  a  condition  often  arises  in  which  tho  oxiter  portion  has  become  dry  and 
hard,  while  the  inner  portion  remains  wet  and  loses  moisture  so  slowly  that  drying  seems  almost 
at  a  standstill.  This  condition  is  due  to  tho  fact  that  the  outer  portion  dried  out  faster  than 
transfusion  from  the  interior  could  take  place,  with  the  eventual  result  that  the  wood  sub- 
stance has  become  hardened  and  has  largely  lost  its  capacity  to  transfuse  moisture.  Because 
of  the  hygroscopicity  of  wood,  however,  the  outer  portion  may  in  time,  under  favorable 
conditions,  take  up  moisture  again  until  a  condition  favorable  to  transfusion  is  again  estab- 
lished, and  drying  may  proceed  at  tho  normal  rate.  By  steaming  casehardened  wood  in  this 
condition  tho  fibors  can  be  very  quickly  softonod  so  that  the  normal  seasoning  process  can  be 
resumed. 

Hut  caschardening  involves  other  factors.  As  the  wood  dries  it  also  shrinks.  If  the  outer 
and  inner  portions  of  a  stick  of  wood  dry  unequally,  there  arises  prcsontly  a  condition  in  which 
unequal  stresses  havo  been  set  up.  Such  stressos  are  manifested  by  a  tendency  to  deformation 
if  the  wood  is  cut  in  the  manner  presently  to  be  described.  From  the  standpoint  of  successful 
conditioning  of  wood  in  a  dry  kiln  tho  most  important  aspect  of  casohardoning  is  that  which 
lias  to  do  with  tho  unequal  stresses  which  are  brought  about  through  unequal  rates  of  shrinkage 
botwoon  the  outer  and  innor  portions  as  moisture  is  removed. 

Those  stressos  begin  to  be  exortod  as  soon  as  a  portion  of  the  wood  dries  below  its  fiber  satu- 
ration point.  Since  it  is  impossible,  practically  speaking,  to  season  tho  wood  rapidly  without 
bringing  about  a  condition  in  which  unequal  shrinkage  takes  place,  a  cortain  measure  of  case- 
hardening  may  bo  said  to  be  inevitable  in  kiln  drying.  Such  stresses  do  not  occur,  however, 
to  any  appreciable  amount  when  wood  is  very  gradually  seasoned,  as  in  air  diying  under  damp 
conditions. 

But  to  understand  fully  the  phenomena  of  casehardening  account  must  be  taken  of  still 
another  factor.  As  soon  as  the  moisture  content  of  wood  passes  the  fiber  saturation  point  it 
begins  not  only  to  shrink  but  also  to  harden.  The  result  is  to  set  up  a  condition  in  which  the 
wood  has  partially  lost  its  capacity  to  shrink.  It  has  become  more  rigid.  This  may  or  may  not 
result,  in  establishing  what  may  be  called  a  permanent  differential  of  shrinkages  between  the  outer 
and  inner  portions  of  the  wood — that  is,  a  condition  in  which  ono  portion  is  always  prevented 


'  l'robably  this  is  a  secondary  result  dependent  upon  the  factors  of  casehardening  and  collapse. 
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by  another  portion  from  shrinking  a3  much  as  it  would  if  free  from  a  counteracting  force.  If  such 
a  permanent  differential  is  not  established,  the  casehardening  will  be  temporary;  if  it  is  estab- 
lished, the  casehardening  will  be  permanent. 

Four  variable  factors,  then,  are  prosont  in  casohardoning,  and  affoct  tho  result,  namely, 
moisture  content  of  the  wood,  degree  of  shrinkage,  iutornal  stress,  and  tho  period  at  which  the 
fibers  become  hardened  or  sot.  Those  factors  are  partly  depondent  ono  upon  tho  other.  Tem- 
perature is  still  another  factor,  but  may  bo  treatod  as  an  indopendont  variable. 

OTHER  EFFECTS  OF  DRYING. 

Warping  results  from  unequal  shrinkage  or  from  a  warped  direction  of  the  fibers.  Capping 
is  due  to  unequal  shrinkage  of  slab  cut  boards  radially  and  circumferentially  and  is  simply 
explained  by  geometrical  relations. 

Washboarding  is  due  to  unequal  shrinkage  of  adjacent  layers  of  the  annual  rings  of  wood, 
and  appears  on  radially  sawed  (quarter  sawed)  lumber.    (See  PI.  VII.) 

Collapse  of  the  cells  may  occur  in  some  species  while  the  wood  is  hot  and  moist.  This 
collapse  is  distinct  from  the  shrinkage  which  takes  place  in  the  wood  substance  and  is  due  to 
a  different  cause. 

Checking  and  honeycombing  are  caused  by  unequal  shrinkage,  crooked  grain,  and  case- 
hardening. 


III.  THE  ART  OF  CORRECT  KILN  DRYING. 


Were  it  not  for  the  unequal  shrinkage  and  the  slow  rate  of  transfusion  of  the  moisture  from 
cell  to  cell,  the  drying  of  lumhcr  would  present  no  more  difficulty  than  the  drying  of  wet  cloth 
or  clay.  The  problem  of  kiln  drying  wood  would  be  merely  one  of  conducting  the  requisite 
amount  of  heat  to  the  material  to  supply  that  required  for  vaporization,  which  at  163°  F. 
is  1,000  British  thermal  units  of  latent  heat  per  pound  of  water,  plus  a  small  additional  amount 
(about  30  B.  t.  u.  per  pound  of  dry  wood)1  required  to  overcome  the  attraction  of  the  hygro- 
scopic material  for  the  moisture.  By  use  of  a  temperature  higher  than  the  boiling  point  corre- 
sponding to  the  given  prossuro,  tho  moisture  would  pass  off  directly  in  proportion  to  the  quan- 
tity of  heat  supplied.    But  the  process  is  more  complex  in  the  case  of  wood. 

EFFECT  OF  THE  SURROUNDING  CONDITIONS  ON  DRYING. 

There  are  just  throe  conditions  which  it  is  essential  to  control  properly  for  correct  drying: 
(1)  Circulation  of  the  air,  (2)  humidity,  and  (3)  temperature;  and  it  is  important  that  these 
conditions  be  uniform  throughout  the  kiln. 

EFFECT  OF  CIRCULATION. 

Unless  the  circulation  is  sufficient  to  convey  throughout  the  pile  of  lumber  tho  heat  neces- 
sary for  evaporating  the  moisture,  and  also  sufficient  to  carry  away  the  vapor,  uniform  drying 
is  impossible.  The  humidity  of  the  air  throughout  the  pile  is  dependent  upon  the  circulation 
For  drying  an  isolated  single  stick  of  lumber  circulation  is  unimportant,  since  the  stick  would 
receive  heat  on  all  sides  by  convection  or  radiation  and  the  moist  vapor  would  pass  away  by 
diffusion;  but  for  a  pile  of  lumber  of  any  considerable  size,  a  decided  movement  of  the  air 
through  the  pile  is  necessary. 

Since  evaporation  involves  a  consumption  of  heat  and  its  transformation  into  latent  heat, 
and  at  the  same  time  an  increase  in  tho  humidity  of  the  air  immediately  surrounding  the  object, 
it  is  evident  that  drying  in  all  parts  of  a  pile  of  lumber  can  not  take  place  under  the  same  tem- 
perature and  humidity  condition  at  one  and  the  same  time.  Where  the  air  passes  through  a  pile 
in  a  definite  direction  the  temperature  is  highest  and  humidity  the  least  at  the  place  where  the 
air  enters  the  pile,  and  the  temperature  is  lowest  and  the  air  dampest  where  it  leaves  the  pile. 
Consequently  drying  takes  place  progressively  through  the  pile  in  the  direction  of  the  air  cir- 
culation. The  more  rapid  tho  circulation  tho  more  uniform  will  be  the  conditions  through  the 
pile.  Something  of  this  same  condition  exists  whether  tho  circulation  is  in  a  definite  direction 
or  is  irregular,  only  irregular  circulation  docs  not  lend  itself  to  analysis  and  variations  are  more 
irregular  and  usually  much  greater  in  amount.  Variations  ot  from  30°  to  50°  F.  are  not  uncom- 
mon when  circulation  is  indefinite,  and  humidity  variations  are  from  very  dry  to  saturation. 

EFFECT  OF  HUMIDITY. 

If  it  were  merely  a  question  of  evaporating  moisture  the  most  economical  dr}'ing  system 
would  be  one  in  which  the  air  entered  tho  pile  of  lumber  in  the  driest  attainable  cond  tion 
and  left  the  pile  in  a  saturated  condition.2  But  the  more  important  part  played  by  the  humidity 
is  its  physical  cfTect  upon  tho  wood.  There  is  a  natural  balance  between  the  hygroscopic  moisture 
assumed  by  wood  and  tho  relative  humidity  of  the  surrounding  air  at  a  given  temperature.3 
For  the  avoidance  of  checking  and  casehardening  it  is  essential  that  tho  surface  of  the  piece 
of  wood  be  kept  comparatively  moist  while  tho  water  is  passing  from  the  center  to  the  surface. 
In  other  words,  the  surface  must  not  dry  at  a  more  rapid  rate  than  the  moisture  transfuses 

1  Unpublished  report.,  Forest  Producls  Laboratory,  by  FroJerick  Dunlup. 

>  See  Depaumeht  o[  Agriculture  (Foroit  Service)  Dullciin  509,  "Tho  Thoory  of  Drying,"  etc.,  by  II.  D.  Tiemann,  pp.  22  and  23. 
»  "The  ICiiu  Drying  of  Lumber,"  by  U.  D.  Tiemann,  pp.  103  lo  105  and  203. 
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from  the  center  of  the  stick  to  the  surface.  This  is  brought  about  by  retaining  a  definito  amount 
of  humidity  in  the  air  during  the  drying  operation.  This  fact  is  of  special  significance  in  tho 
drying  of  green  lumber,  where  tho  aim  is  to  keep  tho  surface  as  near  its  f  her  saturation  point  as 
possible  until  all  the  free  water  has  evaporated  from  the  center  after  which  the  moisture  condition 
of  the  surface  can  be  gradually  reduced  by  lowering  tho  humidity.  Humidity  is  also  of  impor- 
tance in  establishing  tho  final  moisture  content  before  removal  from  the  kiln.  As  there  is 
a  definite  relation  between  rclativo  humidity  and  the  percentage  of  moisture  which  tho  wood 
will  retain,  it  is  evident  that  by  regulating  tho  final  humidity  in  tho  kiln,  overdrying  may  be 
prevented. 

EFFECT  OF  TEMPERATURE. 

The  temperature  influences  both  tho  mechanical  efficiency  of  the  operation  and  the  physi- 
cal effect  upon  the  wood.  In  general,  the  higher  tho  temperature  tho  more  efficient  is  the 
operation;  but  this  is  completely  and  definitely  limited  by  tho  effect  upon  tho  wood.  The 
temperature  at  which  drying  may  bo  safely  conducted  without  injury  to  tho  material  varies 
greatly  with  different  species.  For  example,  oak  must  be  dried  to  start  with  at  not  over  110° 
F.,  while  Douglas  fir  for  commercial  purposes  (not  for  airplanes)  will  stand  over  225°  F. 
without  appreciable  injury. 

The  effect  of  high  temperature  is  (1)  to  soften  the  fibres;  (2)  to  reduce  their  cohesion  in 
tension,  so  that  slight  stresses  will  cause  separations  or  checking  and  honey-combing;  (3)  to 
affect  permanently  tho  strength  if  certain  limits  are  exceeded;  (4)  to  tend  to  increase  tho 
shrinkage  and  produce  collapse;  and  (5)  presumably  to  increase  the  rate  of  transfusion  of  the 
moisture  through  the  wood.  Chemical  changes  also  occur  and  the  hygroscopicity  of  the  wood 
is  reduced. 

These  different  effects  are  produced  proportionally  very  differently  in  different  species, 
so  that  the  resultant  effect  of  a  given  temcrature  with  one  species  may  be  altogether  unlike 
that  with  another.  Thus,  high  temperature  greatly  softens  the  fiber  of  oak  but  it  reduces  its 
cohesion  in  a  greater  proportion,  so  that  checking  is  more  liable  to  occur  at  high  than  at  low 
temperatures.  On  the  other  hand,  in  most  softwoods  the  cohesion  is  not  reduced  relatively 
to  so  great  an  extent,  consequently  they  may  be  dried  at  higher  temperatures,  normally  than 
oak  and  similar  hardwoods. 

On  account  of  the  softening  of  the  fibers  and  the  increased  transfusion,  casehardening  is 
less  at  a  high  than  at  a  low  temperature  if  the  drying  rate  is  the  same  in  both  cases. 


IV.  DISCUSSION  OF  DRY  KILNS  AND  MEANS  OF  CONTROLLING  THE  ESSENTIAL 

CONDITIONS. 


A  dry  kiln  is  sometimes  thought  of  as  a  hot  box  or  baking  oven,  or  as  a  certain  shaped 
building;  rightly,  however,  it  should  be  considered  as  an  apparatus  for  conditioning  lumber 
by  supplying  certain  definite  requirements.  The  essential  requirements  are  adequate  and 
uniform  circulation  throughout  the  pile  of  lumber;  control  of  humidity  at  all  time;  control  of 
temperature;  and  ability  to  steam  the  lumber  quickly  and  effectively  whenever  necessary  for 
removal  of  casehardening  and  killing  of  mold.    These  essentials  have  already  been  discussed. 

SYSTEMS  OF  KILN  OPERATION. 

There  are  two  distinct  ways  of  handling  lumber  in  kilns.  One  way  is  to  place  the  load 
in  a  chamber  where  it  remains  stationary  throughout  the  operation,  while  the  conditions  of  the 
drying  medium  are  varied  as  drying  progresses.  This  is  the  "compartment"  or  "charge" 
system  of  handling  the  lumber. 

The  other  way  is  to  run  the  lumber  on  a  wheeled  truck  into  one  end  of  a  long  chamber  and 
gradually  shove  it  along  toward  the  other  end,  where  it  is  taken  out  when  the  drying  is  com- 
pleted. An  attempt  is  made  to  keep  the  end  of  the  kiln  where  the  lumber  enters  moist,  and 
the  other  end  dry.  This  is  known  as  the  "progressive"  system  of  operation,  and  is  one  com- 
monly used  in  large  operations.  It  is  the  less  satisfactory  of  the  two,  however,  where  careful 
drying  is  required,  since  the  conditions  can  not  be  so  well  regulated  and  are  apt  to  change  with 
every  change  of  wind  and  with  every  new  load  of  lumber  introduced.  It  is  not  to  be  recom- 
mended for  use  with  airplane  stock. 

The  compartment  system  can  be  arranged  so  that  it  will  require  no  more  kiln  space  or  han- 
dling of  thelumber  than  the  progressive  system;  it  does, however, require  more  intelligent  opera- 
tion, since  the  conditions  in  the  kiln  must  be  continually  altered  according  to  the  progress  of 
the  drying.    Either  of  these  two  systems  may  be  used  with  almost  any  kind  of  dry  kiln. 

As  a  rule  the  progressive  system  employs  a  simple  ventilated  kiln  such  that  the  air  enters  at 
the  dry  end  (where  the  lumber  is  taken  out)  through  ducts  placed  in  the  bottom  beneath  the 
heating  pipes,  is  heated  as  it  rises  between  the  pipes,  thence  passes  through  the  lumber  in  a 
horizontal  direction,  opposite  to  that  in  which  the  lumber  is  being  moved,  and  is  finally  dis- 
charged through  chimneys  at  the  damp  end.  The  heating  pipes  usually  extend  only  about 
two-thirds  the  length  of  the  kiln  from  the  dry  end.  Such  kilns  vary  in  length  from  about  60 
to  150  feet  and  in  width  from  18  to  24  feet,  and  are  about  14  to  16  feet  in  height. 

METHODS  OF  SECURING  CIRCULATION. 

Pressure  and  superheated  steam  treatments  are  not  suitable  for  airplane  material;  and  the 
vacuum  treatment,  though  suitable,  is  hardly  practicable.  It  will,  therefore,  suffice  to  consider 
only  atmospheric  pressure  treatments. 

In  general  the  circulation  is  produced  in  three  ways: 

(1)  By  external  draught  or  ventilation,  where  the  air  is  taken  in  from  the  outside,  condi- 
tioned, passed  through  the  kiln,  and  allowed  to  escape  to  the  outside  again. 

(2)  By  recirculating  the  air  within  the  kiln  itself  and  removing  the  excess  moisture  by 
condensation. 

(3)  By  forcing  external  air  through  the  lumber  by  means  of  a  fan  or  blower. 
Combinations  of  these  methods  may  also  be  used. 

So  long  as  the  fundamental  requirements  already  specified  are  definitely  secured,  any  one 
of  these  systems  may  be  used  for  drying  airplane  lumber,  but  they  arc  not  all  equally  satis- 
factory. The  mechanical  features  having  to  do  with  the  operation  of  the  kiln,  the  accuracy 
and  certainty  of  control  of  the  conditions,  and  the  amount  and  uniformity  of  the  circulation 
differ  greatly  in  their  effectiveness  in  different  tvpes. 


kiln  drying;  of  woods  for  airplanes. 


367 


VENTILATED  KILNS. 

[11  a  purely  ventilated  kiln  the  circulation  of  air  is  usually  either  entirely  too  sluggish  for 
drying  green  wood  if  the  humidity  is  uniformly  distributed,  or  if  the  draft  is  sufficient  for 
drying  the  green  wood  the  changes  in  the  humidity  are  excessive.  Usually  the  deficiency  of  the 
humidity  in  the  air  as  it  enters  the  lumber  has  to  be  made  up  by  injecting  live  steam  into  the 
current  of  incoming  air.  This  arrangement  is  often  precarious.  Changes  in  temperature  of  the 
outside  air  greatly  affect  the  internal  conditions.  In  general,  ventilated  kilns  are  not  suitable 
for  drying  green  airplane  woods.  They  are  much  more  suitable  for  drying  air-dried  lumber 
than  green.  It  is  difficult  to  maintain  control  of  conditions  in  this  type  of  kiln.  Nevertheless, 
for  certain  kinds  of  drying  such  as  1-inch  lumber  of  easily  dried  species  a  ventilated  progressive 
kiln  is  probably  the  simplest,  most  easily  operated,  and  most  economical  design  possible. 

RECIRCULATION  KII.N- 

Tri  the  ordinary  type  of  recirculation  kiln,  pipe  condensers  arc  commonly  used  to  remove 
the  excess  moisture  from  the  air.  Unless  there  is  some  additional  means  of  increasing  the  circu- 
lation of  the  air,  however,  its  natural  movement  is  apt  to  be  too  slow  for  the  rapid  drying  of 
green  lumber  except  at  high  temperatures  and  low  humidities,  which  are  prohibitive  for  air- 
plane stock.  In  the  Forest  Service  humidity-regulated  water-spray  kiln,1  which  belongs  to  the 
internal-circulation  class,  the  circulation  is  greatly  accelerated  hy  means  of  sprays  of  water  uni- 
formly spaced  the  entire  length  of  the  kiln  and  placed  in  narrow  chambers,  one  on  either  side,  or 
in  a  single  chamber  through  the  middle.  The  water  spra)Ts  at  the  same  time  control  the  humid- 
ity of  the  air.  This  kiln  has  been  largely  used  for  drying  airplane  stock.  Another  means  of 
producing  the  needed  circulation  is  by  placing  fans  directly  in  the  kiln  itself,  and  thus  forcing 
the  air  through  the  lumber.  The  main  difficulty  of  this  plan  is  so  to  arrange  the  fans  that  a 
uniform  circulation  is  produced  in  all  parts.  Humidity  control  is  also  somewhat  difficult  of 
accomplishment,  as  it  depends  upon  leakages  through  the  walls,  canvas  curtains  or  ventilators, 
together  with  the  injection  of  live  steam  through  perforated  steam  pipes.  This  type  of  kiln  has 
been  very  successfully  used  in  drying  green  airplane  stock. 

BLOWER  KILNS. 

In  the  third  class  a  blower  or  fan  is  used  to  force  in  new  air.  This  is  usually  placed  outside 
of  the  kiln  proper,  and  air  is  sucked  out  and  returned  to  the  drying  chamber  through 
ducts.  Ventilation  is  secured  by  admitting  more  or  less  fresh  air  and  allowing  some  of  the  return 
air  to  escape.  Accurate  control  of  conditions  is  usually  difficult  to  maintain,  since  the  slightest 
change  in  adjustments  of  the  steam  jets  or  of  the  dampers  very  quickly  and  progressively  alters 
the  conditions  in  the  kiln.  Such  an  arrangement  is  in  what  might  be  considered  unstable  equi- 
librium. Where  a  battery  of  kilns  is  used,  a  separate  blower  is  required  for  each  kiln,  otherwise 
they  can  not  be  operated  as  independent  units. 

CIRCULATION  CONTROL. 

In  the  design  of  any  kiln  and  method  of  piling  it  should  always  be  borne  in  mind  that  the 
load  of  lumber  itself,  particularly  wben  first  introduced,  acts  as  a  powerful  condenser.  The 
evaporation  is  of  itself  a  cooling  operation,  and  calculation  shows  that  the  effect  of  evaporation 
is  to  increase  the  density  of  the  humid  air  in  spite  of  the  fact  that  more  vapor  has  been  thereby 
added.2  This  means  that  there  is  a  natural  tendency  of  the  air  to  descend  as  it  passes  through 
the  lumber,  particularly  when  rapid  drying  is  taking  place.  The  arrangement  of  the  pile  of 
lumber  and  the  kiln,  therefore,  should  be  such  as  not  to  oppose  but  to  assist  the  natural  gravity 
tendency.  Success  or  failure  sometimes  hinge  on  this  point.  Extensive  observations  under  all 
kinds  of  conditions  and  in  all  kinds  of  kilns  have  shown  that  this  theory  of  the  downward  tend- 
ency of  the  air  through  the  pile  is  the  correct  principle. 


I  See  Appendix  III. 


i  See  Bulletin  509,  "The  Theory  of  Kiln  Drying,"  etc.,  p.  27. 
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HUMIDITY  CONTROL  AND  STABLE  EQUILIBRIUM. 

Humidity  control  is  brought  about  in  various  ways,  and  its  accomplishment  is  the  most 
difficult  problem  in  regulating  the  dry-kiln  operation.  In  ventilated  kilns  the  humidity  is 
usually  varied  by  the  amount  the  dampers  are  opened,  the  moisture  added  to  the  air  being  that 
evaporated  from  the  lumber.  Very  often  steam  jets  are  used  where  it  is  necessary  to  add  humid- 
ity to  the  air;  or  vessels  of  heated  water  are  used.  In  condenser  kilns  the  temperature  of  the 
pipe  condenser  is  altered,  to  change  the  humidity,  by  altering  the  flow  of  water  through  the 
pipes.  Steam  jets  are  also  used  to  add  humidity  as  required.  In  the  blower  kilns  similar  means 
are  employed  and,  in  addition,  the  dampers  admitting  fresh  air  are  adjusted.  In  the  Forest 
Service  water-spray  kiln  the  humidity  is  automatically  controlled  by  regulating  the  temperature 
of  the  spray  water.  Hot  water  in  the  sprays  gives  a  high  humidity,  while  cold  water  acts  as  a 
condenser  and  gives  a  low  humidity.  The  control  is  very  direct  and  the  water  acts  in  addition 
as  a  stabilizer,  preventing  any  sudden  changes  of  conditions.  The  kiln  is  in  a  condition  of  what 
might  be  termed  stable  equilibrium. 

TEMPERATURE  CONTROL. 

This  is  the  simplest  problem  with  which  the  dry-kiln  engineer  has  to  deal  in  tho  design  of  a 
dry  kiln.  When  conditions  are  fairly  uniform,  the  temperature  may  be  approximately  regulated 
by  turning  on  a  greater  or  less  number  of  steam  pipes,  if  the  piping  system  is  installed  in  independ- 
ent units.  Wheiever  high-pressure  steam  is  available,  temperature  may  bo  largely  controlled 
by  means  of  a  pressure-reducing  valve.  Both  systems  combined  increaso  the  range  obtainable. 
Very  steady  temperatures  may  be  thus  maintained,  but  tho  difficulty  is  that  when  the  tempera- 
ture begins  to  change  it  may  continue  to  rise  or  fall  progressively,  and  if  not  closely  watchod  will 
soon  pass  the  desired  limits.    Throttling  steam  valves  by  hand  is  not  recommended. 

The  safest  method  is  to  use  ono  of  the  many  good  makes  of  thermostat,  having  a  control  bulb 
which  may  be  placed  anywhere  desired  in  the  kiln,  and  connected  to  tho  operating  mechanism  by 
a  long,  flexible  tube.  Any  degree  of  accuracy  of  temperature  control  desired  can  be  secured 
by  the  use  of  a  suitable  instrument  of  this  kind.  Some  are  made  to  act  directly  upon  the  steam 
valve  by  tho  expansion  of  vapor  contained  in  the  bulb,  or  by  tho  expansion  of  a  liquid.  Others 
are  made  to  operate  through  an  auxiliary  or  relay  system,  tho  motive  power  of  which  consists  of 
air  pressuro  or  water  pressure,  which  in  turn  operates  a  motor  valve  on  the  steam  line. 

For  the  most  delicate  control  tho  air-pressure  relay  system  has  proved  the  best,  while  for 
certainty  action  and  simplicity  one  of  the  direct-acting  systems  is  to  bo  recommended.  Any  one 
of  these  systems  is  satisfactory,  and  no  kiln  for  accurate  drying  should  be  operated  without  some 
form  of  thermostat. 

Heating  systems  as  a  rule  consist  of  a  series  of  ordinary  iron  pipes  placed  near  the  floor  of  the 
kiln.  In  blower  kilns  the  air  is  often  heated  cither  by  pipes  or  by  furnace  before  it  is  forced  into 
the  kiln.  Sometimes  ordinary  radiators  are  used.  Whatever  tho  heater,  the  main  thing  is 
to  have  it  properly  controlled  and  tho  heat  uniformly  distributed  and  constantly  supplied. 

A  return  bend  system  of  piping  has  proved  the  most  satisfactory  for  compartment  kilns,  as  it 
gives  uniform  heating  at  both  ends  of  tho  stoam  coil.  The  header  system,  while  more  commonly 
used,  is  apt  to  heat  ono  end  more  than  the  other.  This  is  particularly  so  when  low-pressure 
steam  is  used  and  in  high-pressuro  systems  when  a  thermostat  is  placed  on  the  feed  line.  If  the 
traps  fail  to  operate  properly  or  tho  pipes  become  air  bound,  the  drainage  end  is  certain  to  be 
colder  than  the  supply  end.  Tho  return  bend  systom,  made  up  of  several  separately  controlled 
coils  of  pipes,  is  strongly  recommended.  One-inch  piping  is  very  commonly  used  for  dry  kilns 
and  often  lj-inch  and  occasionally  ll-inch  piping.  For  low-pressure  steam  the  larger  pipe  ii- 
proferable. 

Temperature  control  is  especially  important  in  drying  airplane  stock,  since  if  certain  limits 
are  excoeded  the  strength  and  toughness  are  affected. 


V.  DETERMINATION  OF  CONDITIONS  IN  KILNS. 


IMPORTANCE  OF  ACCURATE  KNOWLEDGE  OF  CONDITIONS  FOR  AIRPLANE  STOCK. 

For  airplanes,  strength  and  toughness  are  the  prime  requirements,  and  these  qualities  can  not 
bo  determined  by  visual  inspection.  Actual  mechanical  tests  are  the  only  means  of  determining 
with  any  degree  of  certainty  whether  the  material  comes  up  to  tho  standard.  These  tests  in 
order  to  bo  determinative  must  be  made  upon  matched  material  from  the  same  sticks,  and  the 
testing  of  the  material  and  analysis  of  results  is  extremely  complicated  and  difficult.  How  these 
tests  havo  been  made  for  a  number  of  species  at  the  Forest  Products  Laboratory,  and  the  results 
secured,  aro  set  forth  at  length  in  Report  No.  G8. 

Tho  fact  that  strength  conditions  can  not  bo  satisfactorily  determined  by  visual  inspection 
alone  when  airplane  material  is  concerned  renders  the  drying  of  such  material  a  much  more 
difficult  and  refined  operation  than  that  of  drying  lumber  for  most  other  purposes,  and  necessi- 
tates that  the  operator  follow  strictly  certain  prescribed  specifications. 

USE  OF  THERMOMETERS  AND  HYGROMETERS. 

A  single  thermometer  reading  should  never  be  relied  upon,  and  it  may  be  necessary  to  place 
thermometers  in  a  dozen  or  more  different  places  in  the  kiln  and  tako  readings  of  them  all  fre- 
quently throughout  the  entire  run  until  the  proper  place  for  taking  tho  controlling  conditions  has 
been  determined  upon.  All  thermometers  should  be  checked  together  occasionally  by  placing 
their  bulbs  together  and  surrounding  the  set  of  bulbs  with  some  insulating  material,  such  as  a 
dry  woolen  cloth.  Tho  kiln  should  be  controlled  not  by  an  average  of  the  various  readings,  but 
according  to  the  conditions  at  some  point  or  points  carefully  selected,  after  a  study  of  all  the  read- 
ings. The  success  of  the  run  may  depend  largely  upon  the  judgment  used  in  choosing  the 
proper  places  for  measuring  the  conditions.  If  tho  readings  at  the  different  positions  in  the 
kiln  appear  to  be  inconsistent,  sets  of  readings  should  be  taken  at  short  intervals,  both  at  a  time 
when  the  tcmperaturo  is  rising  and  again  when  it  is  falling,  and  the  thermometers  moved  about 
until  consistent  readings  are  obtainable.  It  is  not  always  easy  to  predict  where  the  hottest  por- 
tion of  the  kiln  will  be,  and  even  when  this  is  found  it  may  not  necessarily  correspond  to  the  air 
temperature  entering  the  pilo  of  lumber.  Furthermore,  the  air  may  entor  tho  lumber  at  one 
place  during  the  beginning  of  the  run  and  at  another  place  at  the  finish,  in  which  case  tho  place 
for  measuring  conditions  controlling  the  ran  must  bo  shifted  accordingly.  Or  there  may  be  no 
apparent  place  which  might  be  considered  as  "entering  air".  In  this  case  the  hottest  portion 
of  the  pile  should  be  chosen  as  supplying  the  condition  for  controlling  the  run. 

Since  it  is  assumed  that  material  from  any  portion  of  the  pilo  is  likely  to  be  used  in  manu- 
facture, it  is  necessary  that  no  portion  of  the  pile  be  subjected  to  conditions  more  severe  than 
those  specified.  Hence  it  is  necessary  to  govern  the  entire  kiln  by  the  most  severe  conditions 
to  which  any  portion  of  the  pile  may  be  subjected,  irrespective  of  whether  other  portions  are 
drying  too  slowly  or  not. 

In  dry  kilns  where  tho  circulation  of  the  air  is  in  a  known  direction,  the  proper  place  at  which 
to  measure  temperatures  and  humidities  for  controlling  tho  drying  run  is  where  the  air  first 
enters  tho  pile  of  lumber.  In  the  water-spray  kiln  this  place  is  in  the  warm  air  flue  (opposite 
the  spray  chamber  side  of  the  pile),  about  half  way  up  the  pile  and  about  tho  middle  of  the  flue. 
Ordinarily  a  thermometer  or  hygrometer  so  placed  will  not  need  to  be  shielded  from  radiation. 

RECORDING  THERMOMETERS. 

While  not  essential,  recording  thermometers  are  very  useful  not  only  hi  furnishing  a  per- 
manent record  of  the  run  but  also  in  indicating  how  to  control  the  conditions.  While  optical 
readings  of  glass  thermometers  give  oidy  points  in  the  curve  of  operation,  the  recorder  gives  a 
continuous  rocord;  and  it  is  very  easy  to  learn  from  the  recorder  whether  conditions  are  steady, 
variable,  rising,  or  falling. 

Unfortunately,  recording  thermometers  have  not  proved  altogether  reliable  and  they 
should  not  be  wholly  dopended  upon.  Standard  glass  thermometers  should  always  be  used  in 
the  kiln  in  addition  to  the  recorders.  The  recorders  should  also  be  checked  frequently  with  a 
standard  glass  thermometer. 

369 


370 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


The  recorders  most  useful  in  dry-kiln  work  are  those  in  which  the  measuring  bulb  is  con- 
nected with  the  recording  instrument  by  a  long,  flexible  capillary  tube  filled  with  a  fluid.  The 
bulb  is  placed  at  the  point  where  the  temperature  is  to  bo  measured,  and  the  rocording  instru- 
ment in  a  convenient  room,  which  should  bo  at  a  lower  temperature  than  the  bulb. 

These  instruments  are  of  four  types,  according  to  whether  the  fluid  in  the  bulb  and  tube  is 
(1),  mercury,  (2)  some  nonvolatile  liquid,  (3)  gas,  or  (4)  a  volatile  liquid  winch  produces  the 
pressure  on  the  operating  spring  through  vaporization  of  a  portion  of  the  liquid. 

In  tho  first  three  types  it  is  important  that  the  spring  in  the  recording  case  and  that  portion 
of  the  tube  not  subjected  to  tho  temperature  to  bo  measured  be  kept  at  a  fairly  uniform  tem- 
perature, since  any  changes  in  tho  temperature  of  any  portion  of  tho  fluid  contents  will  affect 
its  pressure  according  to  the  relative  volume  affected.  Compensating  devices  are  usually 
attached  to  such  instruments  supposed  to  correct  for  such  changes,  but  experience  shows  that 
they  do  not  always  compensate  with  complete  satisfaction,  especially  in  the  case  of  the  liquid- 
lilled  instruments. 

The  only  instrument  which  is  not  subject  to  changes  in  temperature  of  any  part  of  the 
vessel  is  one  filled  with  a  volatile  liquid  and  its  vapor.  Since  the  action  of  this  instrument  is 
produced  solely  by  tho  pressure  of  saturated  vapor  and  not  by  the  expansion  of  the  liquid  or 
gas,  it  is  not  affected  by  temperatures  which  are  lower  than  the  temperature  of  the  bulb.  Its 
action  is  the  same  as  that  of  a  steam  pressure  gauge;  in  fact,  the  thermometer  is  in  reality  nothing 
more  than  a  saturate  vapor  pressure  gauge;  and  since  the  pressure  of  saturate  vapor  is  always 
the  same  at  a  given  temperature,  independent  of  tho  volume  or  of  the  lower  temperature  of  the 
liquid,  this  form  of  thermometer  is  the  most  accurate  and  reliable  if  properly  used.  The  main 
precaution  is  that  no  portion  of  tho  tube  or  tho  spring  must  be  heated  above  the  temperature 
of  the  bulb.  The  tube  and  spring  will  then  bo  fidl  of  the  liquid,  and  tho  vapor  will  be  generated 
in  the  bulb  in  the  presenco  of  some  of  the  liquid,  which  is  always  sufficient  to  fill  part  of  the 
bulb  as  well  as  the  tube  and  spring. 

This  form  of  instrument  may  be  at  once  distinguished  from  the  other  three  forms  by  the 
divisions  on  the  dial,  which  in  the  others  aro  uniformly  spaced  but  in  the  vapor  instrument 
widen  out  as  the  temperature  increases.  In  one  make  a  patented  device  is  attached  which 
comes  into  action  at  a  prescribed  temperature  and  narrows  down  the  spacings. 

In  the  gas-filled  instrument  it  matters  not  at  what  height  the  recording  dial  is  placed 
relative  to  the  bulb;  but  in  the  liquid  and  vapor  instruments  the  vertical  height  of  the  liquid 
column  exerts  a  pressure,  which  requires  a  readjustment  of  the  hands  when  this  height  is  altered. 

PLACEMENT  OF  RECORDING  THERMOMETERS. 

For  the  water-spray  kiln  the  vapor  form  of  instrument  is  recommended.  Two  separate 
hulbs  operating  on  one  dial  are  desirable,  one  to  record  the  dew  point,  the  other  to  record  the 
entering  air  temperature.  The  dew-point  bulb  should  be  placed  in  the  lower  opening  of  one  of 
tho  bafflo  boxes,  on  the  spray-chamber  side,  but  in  such  a  manner  that  it  does  not  receive  the 
direct  spray  of  water  nor  rest  directly  on  tho  floor;  and  tho  tubing  should  extend  through  the 
spray  chamber  itself  to  the  end  of  tho  kiln  and  pass  directly  out  through  the  end  wall.  -  This 
is  to  insure  that  no  portion  of  it  becomes  heated  above  the  bulb  tompcrature.  The  case  also  must 
be  situated  in  a  room  which  is  cooler  than  the  dew-point  temperature  to  be  measured.  Care 
should  be  taken  to  see  that  the  bulb  is  placed  in  a  "five"  part  of  the  spray  chamber  and  not 
where  the  conditions  of  spray  or  circulation  are  abnormal  from  any  cause. 

The  bulb  for  moasuring  the  tompcrature  of  the  air  entering  the  lumber  (dry  bulb)  should 
be  suspended  in  the  warm  air  flue  about  half  way  to  the  top  of  tho  pile  and  midway  across  the 
flue,  and  the  tubing  should  be  carried  horizontally  on  a  level  with  the  bulb  through  the  flue  to 
the  end  of  the  kiln  and  thence  through  the  wall  to  the  instrument.  It  must  not  pass  near  any 
hot  pipes.  So  placed,  the  bulb  need  not  be  shielded  from  radiation.  It  is  important  that  this 
bulb  does  not  lie  on  linp  with  tho  space  between  the  ends  of  two  piles,  but  it  should  come  some- 
where near  in  line  with  the  middle  of  the  pile.  The  same  applies  also  to  the  dew-point  bulb, 
since  tho  circulation  will  be  apt  to  be  abnormal  between  the  piles,  and  tho  true  conditions  of  the 
air  which  enters  and  leaves  the  pile  would  not  be  correctly  registered. 
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FIG.  1. — ONE  OF  THE  24  WATER  SPRAY  DRY  KILNS  AT  THE  SIGNAL  CORPS  CUT-UP  MILL,  VANCOUVER 
WASH.,  OPENED  PREPARATORY  TO  U  N  LOAD  ING  ;^SH  OWS  METHOD  OF  PILING  WING-BEAM  STOCK. 


VI.  HOW  TO  CONDUCT  THE  DRYING  OPERATION. 


METHOD  OF  PILING. 

In  general  lumbor  should  be  so  piled  as  to  afford  free  passage  of  the  air  throughout,  and  so 
that  the  air  will  pass  through  the  pile  and  not  around  it.  It  is  frequently  advantageous  to 
hang  canvas  curtains  in  such  a  manner  as  to  prevent  the  air  from  short-circuiting  the  pile. 

Remembering  that  the  diying  takes  place  progressive^  through  the  pile,  it  is  evident  that 
the  pile  should  not  bo  mado  too  large,  as  otherwise  what  is  gained  in  size  will  be  lost  in  time  of 
drying.  This  applies  also  to  the  question  of  how  close  together  to  place  the  sticks.  If  the  pile 
is  too  crowded,  the  increased  capacity  will  be  lost  in  slowless  of  drying.  Again,  if  the  lumber 
is  too  openly  piled  the  capacity  of  the  kiln  is  unduly  cut  down  without  a  compensating  gain  in 
time  of  drying.  It  is  better  to  err  on  the  side  of  too  open  rather  than  too  close  piling,  since  no 
harm  will  result  other  than  loss  in  capacity,  whereas  too  close  piling  may  result  in  very  uneven 
drying. 

The  greater  the  circulation  in  the  kiln,  the  larger  and  closer  may  be  the  pile.  For  an  ordi- 
nary condenser  kiln  without  forced  circulation  it  is  generally  desirable  to  allow  about  twice  as 
much  air  space  as  solid  lumber  in  the  pile.  Thus,  for  3  by  4  inch  wing-beam  material  2-inch 
stickers  and  2-inch  spacings  arc  preferable.  Where  high  circulation  is  attainable  this  may  be 
cut  down  to  equal  parts,  or  even  to  6  parts  solid  to  5  parts  open.  Thus  for  3  by  4  inch  wing 
beams,  1  or  1£  inch  stickers  with  1$  to  2  inch  horizontal  spacings  may  be  used.  For  1-inch 
boards  1-inch  stickers  should  be  used,  when  there  is  high  circulation,  and  l£-inch  for  low 
circulation. 

In  the  water-spray  kiln  and  in  pipe  condenser  kilns  the  lumber  should  be  run  lengthwise  of 
the  kiln  and  the  individual  piles  should  not  exceed  8  feet  in  height  and  5  feet  in  width.  An 
open  flue  of  18  inches  should  be  left  through  the  center  of  the  kiln  between  the  two  5-foot  piles, 
and  at  least  12  inches  between  the  lumber  and  the  side  walls. 

A  suitable  method  of  piling  wing-beam  stock  is  illustrated  in  Plate  VJUUL,  which  shows  one  of 
the  kilns  at  the  United  States  Signal  Corps  cut-up  mill  at  Vancouver,  Wash.,  opened  for  un- 
loading.   This  kdn  is  loaded  with  3  by  5  inch  Douglas  fir  wing-beam  stock. 

Unless  the  drying  takes  place  evenly  from  both  surfaces  of  the  boards  there  is  a  strong  tend- 
ency for  them  to  cup.  Consequently  the  arrangement  of  the  pile  with  respect  to  the  move- 
ment of  the  air  is  of  great  importance  from  this  point  of  view. 

TESTS  OF  MATERIAL  DURING  AND  AFTER  DRYING. 

For  correct  drying  and  the  control  of  the  whole  operation  it  is  essential  to  know  currently 
the  condition  of  the  wood  in  various  portions  of  the  pile  in  regard  to  moisture,  casehardening, 
and  checking,  as  well  as  the  temperatures,  humidities,  and  air  movements.  Tests  of  the  material 
must  therefore  be  made  as  often  as  required.  There  are  two  means  of  acquiring  this  infor- 
mation; namely: 

(1)  By  the  direct-test  method. 

(2)  By  tho  sample-piece  method. 
The  following  tests  are  to  bo  made: 

(1)  Average  moisture. 

(2)  Moisture  distribution. 

(3)  Casehardening. 

DIRECT -TEST  METHOD. 

One  means  of  ascertaining  this  information  is  to  pull  out  sticks  of  the  wood  from  different 
places  periodically  and  to  test  them  for  moisture  and  casehardening.  Such  tests  must  be  made 
at  a  considerable  distance  (2J  or  3  feet)  from  the  ends  of  the  sticks,  as  otherwise  they  are  liable 
to  give  erroneous  conclusions  due  to  tho  ends  of  tho  sticks  having  dried  very  much  faster  than 
the  centers.  It  is  frequently  difficult  if  not  impossible,  however,  to  pull  out  representative 
material  from  the  piles  during  the  progress  of  tho  drying,  and  another  method  must  be  re- 
sorted to. 
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SAMPLE-PIECE  METHOD. 

This  method  can  be  best  applied  by  preparing  suitable  sample  pieces  beforehand  and 
inserting  them  into  suitable  pockets  left  in  the  sides  of  the  piles  when  the  lumber  is  first  loaded. 
The  samples  should  be  representative  material,  cut  from  near  the  center  of  the  chosen  sticks 
and  not  less  than  21  feet  in  length.  They  should  include  some  of  the  wettest  as  well  as  the 
average  material,  otherwise  the  load  is  likely  to  be  considered  dry  before  the  wettest  pieces 
have  reached  the  required  dryness.  A  1-inch  moisture  disk  should  be  taken  from  either  end  of 
the  sample  at  the  time  of  its  preparation  and  immediately  weighed  on  a  delicate  balance.  The 
sample  also  should  be  weighed  within  a  few  minutes  of  the  disks.  The  ends  of  the  samples 
should  then  be  thoroughly  coated  with  thick  asphaltum  varnish,  or  be  dipped  in  melted  rosin 
100  parts,  lampblack  7  parts.  The  samples  aro  then  ready  to  be  placed  in  the  load  in  the 
pockets  left  for  them.    When  samples  are  thus  in  place  they  should  lie  in  exactly  the  same 
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FIG.  1. — DRYING  RECORD  OF  RED  AND  WHITE  OAK  PROPELLER  STOCK,  SHOWING  METHOD  OF  PLOTTING  DATA 

AND  KEEPING  TRACK  OF  CONDITIONS. 

relative  positions  as  the  other  sticks  in  the  pile,  the  ends  being  pieced  out  by  the  ends  of  the 
sticks  from  which  they  were  cut  and  they  must  be  readily  accessible  so  that  they  can  be  re- 
moved and  replaced  as  often  as  desired.  By  first  estimating  the  dry  weights  of  the  samples 
and  then  weighing  them  periodically  during  the  drying  run,  the  progress  of  the  drying  of  the 
load  may  be  kept  track  of  currently. 

How  many  samples  to  tako  will  require"  judgmont.  They  must  bo  representative,  but 
the  more  uniform  and  rogular  the  drying  conditions  aro  in  the  kiln  and  the  more  uniform  the 
material  to  bo  dried,  the  fewer  will  be  required.  Ordinarily  at  least  four  samples,  two  placed 
on  the  entering  air  side  of  the  pile  and  two  on  tho  loaving  air  side,  will  be  required,  and  fre- 
quently doublo  this  many. 

Dry  weight  of  the  sample  pieces  is  readily  estimatod  as  follows:  Let  A\  and  B\  be  tho  wet 
weights  of  the  disks,  A0  and  B0  their  oven  dry  weights.  Let  W,  be  the  wet  weight,  of  the  sample 
and  W0  its  dry  weight  which  is  sought. 
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- — '  ^         x       _  ^        or|gina|  moisture  per  cent  of  the  sample,  in  terms 

of  oven  dry  weight.    Then  its  dry  weight  W0  will  be 

loo  m  =  w 

100  +  Pi  n° 

If  W„  l>o  its  current  weight-  at  any  time,  its  moisture  per  cent  will  evidently  be 

-^^Foxioo  =  Pn 

These  current  values  should  he  plotted  on  cross-section  paper  in  the  form  of  curves  show- 
ing the  progress  of  drying;  and  the  temperature,  humidities,  etc.,  should  he  also  plotted  on 
the  same  sheet.,  as  shown  in  figure  1. 

AVERAGE  MOISTURE  TEST. 

The  average  moisture  is  determined  by  cutting  a  disk  clear  across  the  stick,  far  enough 
away  from  the  ends  to  avoid  the  effect  of  end  drying.  One  inch  is  a  suitable  thickness  for  this 
disk,  but  the  exact  thickness  is  immaterial.  The  disk  should  he  woighed  upon  a  sensitive 
balance  immediately  after  cutting,  before  it  has  had  time  to  lose  or  absorb  any  moisture  from 
the  air  on  the  freshly  cut  surfaces.  I  t  is  then  to  he  dried  in  an  oven,  preforably  at  a  tempcraturo 
between  200°  F.  and  220°  K.,  never  above  230°  V.  When  the  disk  has  ceased  to  lose  woight, 
which  will  require  from  one  to  two  days'  time  for  a  wood  like  oak,  it  is  again  weighed.  The  loss 
in  weight  is  the  moisture  content,  and  this  quantity  divided  by  the  oven  dry  woight  tim.os  100 
gives  the  "moisture  per  cent"  as  a  standard,  as  determined  by  the  equation  for  finding  Pn, 
given  above. 

MOISTURE  DISTRIBUTION  TEST. 

The  moisture  distribut  ion  disk  should  be  sliced  up  into  an  outer  layer  %  inch  thick  and  an 
inner  core  V>  inch  thick.  Tho  outer  and  inner  parts  should  he  woighed  separate!}'  immedi- 
ately, and  thoir  moisture  content  determined  in  the  ordinary  way,  b}'  drying  in  an  oven  at  a 
temperature  between  200°  F.  and  220°  F.,  never  above  230°. 

CA.SEHAI'OKNINC;  TEST. 

Oasehanlcning  as  well  as  moisture  distribution  tests  should  he  made  from  time  to  time. 
Two  disks  about  %  inch  in  thickness  should  be  cut,  one  of  which  is  to  he  slotted  in  the  longest 
direction  so  as  to  form  two  outer  prongs,  each  %  inch  thick,  and  two  inner  prongs  of  the  same 
thickness,  as  shown  in  Plate  IX.  The  slots  should  extend  to  within  %  inch  of  the  Opposite 
side. 

The  indications  of  easehardening  have  been  fully  discussed  elsewhere. 

DRYING  RECORDS. 

The  drying  conditions  can  be  best  represented  by  means  of  a  curve  on  cross-seeti.on  paper, 
like  those  shown  in  the  specifications  in  Appendix  I.  The  temporatures  and  humidities  in 
the  curves  are  those  of  the  air  as  it  enters  the  pile  of  Lumber;  that  is,  in  the  flue  in  water -spray 
or  condenser  kilns  or  in  places  to  be  chosen  as  explained  in  tho  discussion  of  Other  kilns'.  The 
humidity  will  naturally  be  higher  and  the  temperature  lower  where  the  air  is  leaving  the  pile 
on  the  sides,  or  at  other  portions  of  tho  pile.  Records  should  be  plotted  currently  in  order  to 
keep  track  of  the  progress  of  the  drying  operation. 

TIME  OF  DRYING. 

The  time  of  drying  will  vary  considerably  in  different  kilns,  depending  upon  the  size  and 
form  of  pile  and  the  circulation.  Since  the  run  will  be  governed  by  that  portion  of  the  pile 
subjected  to  the  most  severe  conditions,  it  necessarily  follows  that  other  portions  will  ho  rela- 
tively slower  in  drying;  and  if  the  air  circulation  is  poor  or  the  pile  is  very  largo  or  close,  it  may 
be  nocessary  to  continue  to  hold  tho  final  conditions  for  a  considerable  time  after  tho  material 
in  the  hottest  portion  has  reached  tho  proper  condition  for  removal.  Tho  poorer  the  condi- 
tions of  circulation,  tho  longer  will  he  the  time  required  and  the  greater  will  be  tho  discrepancy 
15321.")— S.  1  >oc.  KM',.  (if,-:;  -.v. 
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in  final  moisture  contents  in  different  portions  of  the  pile.  It  may  even  be  desirable,  in  extreme 
cases  of  this  kind,  to  raise  the  final  humidity  somewhat  to  prevent  part  of  the  stock  from  becom- 
ing too  dry  while  the  lagging  material  is  drying  down  to  the  required  condition.  The  time 
element  of  the  drying  curve  is  therefore  not  included  in  the  specification  given  in  Appendix  I. 
Air-dried  or  partially  dried  material  requires,  of  course,  proportionally  less  time  to  dry.  It  is 
well  to  start  with  the  drying  conditions  the  same  as  for  green  material,  but  in  a  few  days  they 
may  be  reduced  to  those  given  on  the  curve  corresponding  to  the  actual  moisture  content  of 
the  wood. 

As  air-dried  material  is  very  apt  to  be  casehardened  it  is  generally  desirable  to  begin  with 
a  preliminary  steaming  treatment  at  about  160°  for  24  hours  in  order  to  remove  the  surface 
stress  and  to  remoisten  the  outer  surface.  Immediately  after  the  steaming,  the  temperature 
and  humidity  should  be  reduced  to  those  used  at  the  start — 120°  and  80  per  cent  for  spruce, 
for  example. 

REMOVAL  OF  CASKHARDENING. 

Caseliardeniug,  if  it  develops,  may  be  removed  by  a  steaming  treatment  at  170°  or  180° 
for  x/i  to  labours,  according  to  requirements,  either  during  the  drying  or  at  the  end  of  the  run, 
a  clay  or  so  before  removal  from  the  kiln.  Oak,  however,  should  be  steamed  at  lower  temper- 
atures, not  over  160°.  This  ma}'  be  accomplished  by  turning  boiler  pressure  steam  into  per- 
forated steam  pipes  properly  arranged  for  the  purpose.  The  ■rVinch  holes  should  be  about  0 
inches  apart  and  so  placed  as  to  produce  a  high  circulation  through  the  pile  of  lumber. 

Another  means  of  accomplishing  this  result  is  to  raise  the  humidity  considerably  at  the  end 
of  the  run  without  raising  the  temperature,  thus  allowing  the  outer  surface  to  reabsorb  moisture. 
This  relieves  the  set  condition  ami  allows  normal  shrinkage  to  be  resumed. 

Which  method  is  the  best  to  use  will  have  to  be  determined  by  the  operator  to  suit  the 
special  conditions  and  species  of  the  material. 

MOLD. 

Mold  is  likely  to  form  on  some  woods,  especially  green  oak  and  walnut,  during  the  first 
part  of  the  operation.  Aside  from  retarding  the  circulation  it  does  not  injure  the  stock,  but  it 
must  not  be  allowed  to  develop.  It  may  be  removed  by  steaming  for  half  an  hour  or  so  at  160°  P. 
or  over,  providing  the  circulation  is  sufficient  to  carry  this  temperature  well  through  the  pile. 
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DRYING  SPECIFICATIONS  FOR  AIRPLANE  STOCK. 

At  the  beginning  of  the  war,  the  Forest  Service  was  already  in  possession  of  knowledge, 
derived  from  years  of  experimental  study,  to  enable  it  to  offer  immediately  a  method  by  which 
it  was  believed  that  kiln  drying  could  be  accomplished  without  injury  to  the  material.  The 
Forest  Service  was  in  a  better  position  than  any  other  organization  or  individual  to  recommend 
suitable  methods  and  apparatus  for  drying  airplane  stock.  Drying  specifications  were  prepared 
for  the  Signal  Corps,  based  on  the  knowledge  and  experience  then  available.  They  were  first 
drawn  on  July  2,  1917,  and  have  been  employed  without  significant  changes. 

The  necessity  for  establishing  beyond  question  the  safety  of  the  original  drying  conditions 
given  in  these  specifications,  however,  was  apparent,  as  well  as  the  need  to  ascertain  their  appli- 
cation to  untried  species  and  to  establish  limiting  conditions  as  to  severity  of  treatment  beyond 
Which  it  would  be  unsafe  to  go.  This  called  for  an  exhaustive  scries  of  strength  tests  upon 
material  which  had  been  kiln  dried  under  different  conditions  and  a  comparison  not  only  with 
matched  green  specimens,  but  likowise  with  matched  specimens  which  had  been  set  aside  and 
air  dried  under  most  favorable  conditions.  The  investigation  which  was  undertaken  imme- 
diately by  the  Madison  Laboratory  of  necessity  required  considerable  time  before  definite  con- 
clusions could  be  drawn,  since  the  matched  samples  had  to  become  thoroughly  air  dry.  Tests 
are  still  in  progress,  but  sufficient  results  have  now  been  obtained  to  establish  for  a  certainty 
the  safety  of  the  conditions  prescribed  in  the  original  specifications  prepared  in  July,  1917.  These 
results  are  reported  in  the  monograph  entitled  "The  Klfect  of  Drying  on  the  Strength  of  Airplane 
Woods." 

The  following  is  the  specification  as  finally  slightly  modified  and  adopted  by  the  Signal 
Corps : 

[Signal  Corps,  I'ni.ed  Slate*  Army.] 

Specification  FOB  General  Kiln-drying  Process  for  Airplane  Stock. 

.[Nos.  2mm)  nnil  20500-A.] 
GENERAL. 

1.  This  specification  covers  the  general  requirements  of  the  Signal  Corps  for  kiln-drying  of 
wood  for  airplane  slock. 

2.  The  kiln-drying  operations  shall  be  so  conducted  that  the  wood  will  not  lose  any  strength, 
toughness,  or  other  physical  property, 

MATERIAL. 

3.  Only  one  species  and  approximately  one  thickness  shall  constitute  a  kiln  charge.  A  dif- 
ference of  not  to  exceed  A  inch  in  thickness  of  single  pieces  will  be  allowed. 

PILING. 

4.  The  boards  shall  be  piled  so  that  the  horizontal  width  of  the  spaces  between  them  will 
be  at  least  1  inch  for  each  inch  of  board  thickness,  but  in  no  case  shall  the  horizontal  width 
of  such  spaces  exceed  3  inches.    The  boards  must  be  held  flat  and  straight  While  drying. 

5.  For  stock  up  to  4  quarters  (1  inch)  in  thickness,  the  crossers  shall  be  at  least  1  inch 
thick-  and  not  over  1 '.  inches  wide. 

6.  For  stock  from  4  to  12  quarters  (1  to  3  inches)  in  thickness,  the  crossers  shall  be  at 
least  H  inches  thick  and  not  over  1A  inches  wide. 

7.  For  stock  over  12  quarters  (3  inches)  in  thickness  the  thickness  of  the'erossers  shall  be 
increased  in  the  above  proportion  but  must  not  exceed  2  inches  in  any  case. 

8.  The  crossers  shall  be  placed  directly  over  one  another  and  not  over  3  feet  apart  in  the 
courses. 

9.  The  lumber  must  be  so  disposed  in  the  kiln  as  to  permit  of  easy  access  on  both  sides  of 
the  pile  and  the  taking  of  temperature  and  humidity  readings  whenever  required  by  the  inspector. 

INSTRUMENTS. 

]  0.  At  least  one  recording  thermometer  or  recording  hygrometer  of  approved  make  shall 
be  used  in  each  dry  kiln  compartment. 
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11.  Keeording  thermometers  or  hygrometers  shall  he  checked  at  least  once  every  kiln 
charge,  with  a  standard  thermometer  or  a  glass  thermometer  calibrated  to  an  accuracy  of  1°  P. 
This  comparison  shall  be  made  with  the  thermometers  placed  so  as  to  record  the  maximum 
temperature  of  any  portion  of  the  pile. 

12.  Thermometers. — Thermometer  bulbs  must  be  shielded  from  direct  radiation  of  steam 
pipes,  wet  lumber,  cold  walls  or  surfaces,  and  must  receive  a  free  circulation  of  air. 

13.  The  inspector  may,  at  his  discretion,  place  other  thermometers  at  any  point  in  the  pile. 

14.  Hygrometer. — Humidity  readings  shall  be  made  at  least  three  times  daily  or  more 
often  as  the  inspector  may  desire,  according  to  standard  methods  approved  by  the  inspector, 
at  the  same  points  where  the  recording  thermometers  or  hygrometer  bulbs  are  placed. 
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FIG.  2.— SPECIFICATION  SCHEDULE.  TABLE  1.  FOR  AIRPLANE  WING-BEAM  STOCK.  T,  TEMPERATURE  *  F. ; 
H,  RELATIVE  HUMIDITY,  PER  CENT:  M,  NORMAL  DRYING  CURVE.  PER  CENT  OF  MOISTURE;  ALL  ON  ENTERING 
AIR  SIDE  OF  PILE  OF  LUMBER. 

15.  The  following  shall  constitute  a  standard  method:  Use  a  glass  or  recording  wet  and 
dry  bulb  hygrometer  with  distilled  water  and  with  the  wick  changed  at  least  once  a  week;  pro- 
duce a  circulation  of  air  past  the  wet  bulb  of  at  least  5  feet  per  second  before  reading. 

16.  Hygrometer  bulbs  must  be  shielded  from  direct  radiation  of  steam  pipes,  wet  lumber, 
cold  walls  or  surfaces,  and  must  receive  a  free  circulation  of  air. 

STEAMING. 

17.  At  the  beginning  of  the  drying  operation's. — Green  wood  is  to  be  steamed  at  a  tempera- 
ture not  to  exceed  15°  F.  higher  than  the  initial  drying  temperature  specified  in  Tables  1  and  2, 
for  6  hours  for  each  inch  of  thickness.  Humidity  during  steaming  period  must  be  100  per 
cent,  or  not  below  90  per  cent,  in  every  portion  of  the  pile. 
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18.  Previously  air-dried  wood  is  to  be  steamed  at  a  temperature  not  to  exceed  80°  F.  higher 
than  the  initial  drying  temperature  specified  in  Tables  1  and  2,  for  8  horn's  for  each  inch  of 
thickness.  Humidity  during  steaming  period  must  be  100  per  cent,  or  not  below  90  per  cent 
in  every  portion  of  the  pile. 

19.  Near  the  end  of  the  drying. — If  on  official  test  the  stock  shows  serious  casehardening 
it  shall  be  steamed  at  a  temperature  not  to  exceed  20°  F.  higher  than  the  final  drying  temper- 
ature specified  in  Tables  1  and  2,  for  not  more  than  3  hours.    After  steaming  it  shall  be  redricd. 

TEMPERATURE   AM)  HUMIDITY. 

20.  Operating  conditions  are  specified  in  Tables  1  and  2,  but  lower  temperatures  and 
higher  humidity  conditions  arc  permissible. 

21.  The  progression  from  one  specified  stage  to  the  next  must  proceed  without  abrupt 
changes. 

22.  Green  wood  {above  25  per  cent  moisture)  over  3  inches  thick. — -Reduce  the  temperature 
values  given  in  Tables  I  and  2  by  5°  F.  for  each  inch  increase  in  thickness. 

23.  Air-seasoned  wood  (below  25  per  cent  moisture)  over  S  incites  thick. — Reduce  the  tem- 
perature values  given  in  Tables  1  and  2  by  5°  F.  for  each  inch  increase  in  thickness. 

Table  L 


Stage  of  drying. 


Drying  conditions. 


At  the  be  .'inning  

After  fiber  saturation  is  passed  (25  per  cent) 

At  20  per  cent  m-usture  

At  15  percent  moisture  

At  12  percent  raiisture  

At  S  per  cent  moisture  

Final  


Maximum 
tempera- 
ture, 
Fahrenheit. 

Minimum 
relative 
humidity, 
per  cent. 

120 

80 

125 

70 

128 

60 

138 

14 

142 

38 

145 

33 

145 

33 

24.  Table  1  applies  to  the  following  woods 

Ash,  white,  bine,  and  Biltmore. 
Birch,  yellow. 
Cedar,  incense. 
Cedar,  northern  white. 
Cedar,  western  red. 
Cedar,  Port  Orford. 


Spruce,  Sitka. 
Cypress. 
Pine,  sugar. 

Pine,  white  (Idaho  or  eastern). 
Spruce,  eastern  (red  or  white). 
Douglas  fir. 


Table  2. 


Stage  of  drying. 


A I  the  beginning  

Afior  fiber  saturation  is  passed  (25  per  cent). 

At  20  per  cent  moisture  

At  15  per  cent  moisture  

At  12  per  cent  moisture  

At  8  per  cent  moisture  

Final  


Drying  conditions. 

Maximum 

Minimum 

tempera- 

relative 

ture, 

humidity, 

Fahrenheit. 

per  cent. 

105 

85 

110 

73 

117 

62 

129 

46 

135 

42 

135 

40 

135 

10 

25.  Table  2  applies  to  the  following  woods: 
Cherry.  Walnut,  black 

Mahogany.  Maple. 
Oak,  white  and  red. 


TESTS   Dl'RI  X(»  DRYIXO. 


26.  Samples  shall  be  inserted  in  the  pile  in  such  manner  that  they  will  be  subjected  to  the 
same  drying  conditions  as  that  portion  of  the  pile  where  inserted,    They  shall  be  so  placed 
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that  they  can  be  removed  for  periodical  weighing  in  order  to  ascertain  the  average  moisture 
content  of  the  pile  at  any  time. 

27.  Three  samples  shall  be  used  for  each  10.000  board  feet  or  less  of  material  in  the  pile. 
Each  sample  is  to  be  2  feet  long  and  shall  not  be  cut  nearer  than  2  feet  to  the  end  of  one  of  the 
pieces  to  be  dried. 

28.  The  original  moisture  content  of  the  samples  shall  be  determined  from  sections  1  inch 
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FIG.  3.— SPECIFICATION  SCHEDULE,  TABLE  2,  FOR  PROPELLER  STOCK  AND  HARDWOODS. 

Nomenclature  as  in  figure  2. 

thick  cut  from  both  ends  of  the  sample  at  the  time  il  is  sawed  from  the  stick.  This  deter- 
mination shall  be  made  as  provided  in  specification  No.  20504-A. 

29.  Before  placing  them  in  the  pile,  the  ends  of  the  samples  must  he  given  a  thorough 
coating  of  asphaltuin  varnish  to  prevent  end  di  ving. 

30.  The  samples  shall  be  weighed  to  an  accuracy  of  one-tenth  of  1  per  cent  immediately 
after  cutting  the  moisture  sections  and  before  placing  in  the  kiln.  They  shall  be  weighed  at 
least  daily  when  the  time  of  drying  is  10  days  or  less,  and  at  least  every  other  day  when  t  he 
time  of  drying  is  more  than  10  days. 

31.  The  samples  shall  be  placed  in  the  pile  and  distributed  so  that  they  will  be  exposed  to 
the  average,  most  rapid,  and  slowest  drying,  except  that  they  shall  not  be  placed  on  the  top  or 
bottom  layers.  The  samples  placed  in  the  portion  of  the  pile  where  drying  is  most  rapid  shall 
control  the  regulation  of  the  temperature  and  humidity. 

32.  After  obtaining  the  dry  weight  of  the  samples,  the  average  moisture  condition  of  the 
pile  during  the  drying  shall  be  determined  after  each  weighing. 
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33.  The  following  example  will  illustrate  the  method  employed: 
Original  weight  of  sample =7.35  pounds. 

Original  moisture  per  cent  (average  of  the  two  1-inch  sections) »  17. 

Calculated  dry  weight  of  sample  ="7.35  divided  by  1.47  =  5.00  pounds. 

( hirrenl  w  eight    6.23  pounds. 

Moisture  in  sam pies  =  6.23  —  5.00 -« 1.23  pounds. 

Current  moisture  per  cent-  (1.23  divided  by  5.00)  X  100  =  24.6. 

34*  Continuous  and  permanent  records  must  be  kept  of  the  temperature  and  humidify 
observations  and  the  percentage  of  moisture  in  the  lumber  in  the  kiln. 

TESTS  AFTER  DRYING. 

35.  Standard  moisture  content  and  casehardening  tests  shall  be  made  before  the  lumber 
is  remoYed  from  the  kiln.  Material  for  these  tests  shall  be  taken  from  four  boards  for  each 
.">,(!()()  board  feet  or  less  of  material  in  the  pile.  Pieces  selected  must  fairly  represent  the  dried 
stock  and  shall  be  taken  from  different  parts  of  the  pile.  At  his  discretion  the  inspector  may 
select  other  pieces  for  tests.  Sections  for  these  tests  shall  not  be  cut  nearer  than  2  feet  to  the 
ends  of  the  pieces. 

36.  Three  adjacent  sections,  1  inch  thick,  shall  be  cut  from  the  centers  of  each  test  piece 
of  stock.    Each  section  must  be  weighed  within  live  minutes  to  prevent  moisture  evaporation. 

37.  Thi  first  section  .—(A,  fig.  4)  shall  be  dried  whole  and  the  average  moisture  content 
obtained  as  provided  in  specification  No.  20504  A. 

38.  Tin  strand  stclitm.  (15.  fig.  4)  moisture  distribution  section  shall  be  cut  into  an  outer 
shell  J  inch  wide  and  an  inner  core  \  inch  wide.  The  moisture  content  of  the  outer  shell  and 
inner  core  shall  be  determined. 

30.  Tin  third  sic/inn.  -((',  lig.  4)  shall  be  sawed  parallel  to  the  wide  faces  of  the  original 
board  into  tongues  or  prongs,  leaving  about  h  inch  of  solid  wood  at  one  end  of  the  section. 
For  material  less  than  2  inches  thick  two  saw  cuts  shall  be  made  and  for  material  more  than 
2  inches  thick  five  saw  cuts  shall  be  made.  In  sections  having  six  prongs  the  second  prong 
from  each  side  shall  be  broken  out,  leaving  two  outer  and  two  central  prongs.  The  center 
prong  shall  be  removed  from  sections  having  only  three  prongs. 

40.  The  third  section  shall  then  be  allowed  to  dry  for  24  hours  in  the  drying  room  and  any 
curving  of  the  prongs  noted. 

41.  If  the  prongs  remain  straight,  perfect  conditions  of  stress  and  moisture  content  are 
indicated. 

42.  If  the  outer  prongs  bend  in,  conditions  of  casehardening  are  indicated. 

43.  Only  very  slight  casehardening  is  permissible. 

FINAL  MOISTURE  CONDITIONS. 

44.  An  average  dryness  of  approximately  8  per  cent,  unless  otherwise  specified,  shall  be 
required.    A  moisture  content  of  from  5  to  11  per  cent  is  permissible  in  individual  sticks. 

45.  The  variation  in  moisture  content  between  the  interior  and  exterior  portions  of  the 
wood,  as  shown  by  the  •'moisture  distribution  section"  provided  for  in  paragraph  38,  must  not 
exceed  4  per  cent. 

SEASONING. 

46.  Before  manufacture  the  wood  shall  be  allowed  to  remain  in  a  room,  with  all  parts  under 
uniform  shop  conditions,  at  least  two  weeks  for  3-inch  material,  and  other  sizes  in  proportion. 

STEAMING   AND  BENDING  OF  ASH  FOR  LONGERON  CONSTRUCTION. 

47.  The  ash  shall  be  cut  in  the  form  of  rough  squares  sufficiently  large  to  allow  for  shrinkage 
and  finish. 

48.  Where  it  is  necessary  to  bend  this  material,  it  shall  be  steamed  in  the  green  condition 
(more  than  18  per  cent  moisture),  bent  on  forms,  and  then  kiln  dried  as  provided  in  paragraph  23. 

49.  Steaming  shall  be  conducted  at  a  temperature  not  to  exceed  212°  F.  for  a  period  not 
longer  than  six  hours,  and  the  bending  shall  be  accomplished  while  the  material  is  hot. 
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INSPFXTION". 

50.  At  all  stages  of  the  process  the  lumber  shall  be  subject  to  inspection  by  the  Inspection 
Department  of  the  Signal  Corps  under  its  Manual  of  Inspection. 
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SECTION  A 

TO  BE  WEIGHED,  THEN  OVEN- 
DRIED,  THEN  REWEIGHED  TO 
DETERMINE  A  VERAGE  MOIST- 
URE CONTENT  OF  PIECE. 


SECTION  B 
OUTER  MARGIN 
SAWED  OR  SPLIT 
OFF  AS  SHOWN. 


^4 

.t  -» 


>4-TH-  THICKNESS 


OUTER 


OF  PIECE. 


INNER 


PORTION  PORTION 


OUTER  AND  INNER  PORTION 
WEIGHED,  DRIED  AND  REWEIGH- 
ED SEPARATELY  TO  DETER- 
MINE DIFFERENCE  IN  MOIST- 
URE CONTENT. 


SECTION  TO  BE  DRIED  BEFORE 
CONCLUSION  AS  TO  CASE  HARDENING  IS  MADE. 


SECT  I ON  C 
THICK  STOCK  SA  WED  AS 
SHOWN  FOR  CASE  HARDEN- 
ING TEST,  PRONGS  2 AND 


- 


s 
\ 
\ 

KIN  \ 


NOT 


CASE  HARDENED 


SHOWING 
EFFECT  OF 


S  TO  BE  BROKEN  OUT.     CASE  HA  RDENED  NOT  PERMISSIBLE 

IN  AIRPLANE  STOCK  OVERSTEAMING 

FIG.  4— SPECIFICATION  NO.  20500-A.  MOISTURE  AND  C  ASEH  A  RDEN  I NG  TEST  SPECIMENS. 

51.  The  inspector  shall  mark  all  lumber  with  the  official  acceptance  or  rejection  symbol 
of  the  Signal  Corps. 

52.  The  inspector  shall  have  free  access  to  every  part  of  the  kiln  at  all  times  and  shall 
be  afforded  every  reasonable  opportunity  to  satisfy  himself  that  this  specification  is  being 
complied  with. 
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CONSTANT  DEW-POINT  SCHEDULE  FOR  DRYING  DOUGLAS  FIR,  SPRUCE,  AND  SIMILAR  WOODS. 

An  improvement  over  the  schedule  in  the  original  specifications  for  drying  species  listed 
under  Table  I  of  Signal  Corps,  United  States  Army,  specification  20500-A,  was  worked  out,  by 
tlie  use  of  a  constant  dew  point  of  115°,  and  is  shown  in  Plate  ELL  This  somewhat  simplifies 
(he  control  of  the  operation,  especially  in  the  water-spray  kilns,  where  the  dew  point  is  used 
as  the  controlling  clement  of  the  humidity.  The  schedule  here  given  is  equally  good  with  the 
former,  and  has  already  been  put  into  use. 

If  marked  casehardening  becomes  apparent  it  should  be  rejnoved  by  steaming  for  two  or 
three  hours  at  160°  once  or  twice  near  the  end  of  the  run,  as  indicated  by  "S"  in  the  plate  of 
curves.  If  no  very  severe  casehardening  develops,  a  high  humidity  for  one  day  just  before 
the  close  of  the  run,  without  raising  the  temperature,  may  suffice.  Steaming  at  a  temperature 
of  160°  for  not  over  one  hour  should  always  be  resorted  to  if  severe  casehardening  develops 
at  any  stage  of  the  run,  but  is  not  ordinarily  necessary  if  the  given  schedule  be  adhered  to. 

In  figure  .">,  T  is  the  temperature  of  the  air  entering  the  pile  of  lumber,  in  degrees  Fahrenheit, 
D  is  the  dew  point,  B  is  the  relative  humidity  per  cent,  and  M  is  the  normal  drying  curve  of  the 
lumber  on  the  entering  air  side  of  the  pile,  in  percentage  of  the  dry  .weight. 
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FIG  5— CONSTANT  DEW-POINT  SCHEDULE  FOR  AIRPLANE  WING-BEAM  STOCK  MAY  BE  USED  IN  PLACE  °F  TABLE 

1  SCHEDULE,  WITH  EQUALLY  GOOD  RESULTS. 
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THE  FORKST  SERVICE  WATER-SPRAY  KILN. 

In  figure  6  is  shown  the  cross  section  of  a  Forest  Service  water-spray  kiln  which  lias  proved 
successful  in  drying  airplane  stock.1    While  airplane  woods  can  be  satisfactorily  dried  in 
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FIG.  6. — DIAGRAMMATIC  CROSS-SECTIONAL  VIEW  OF  THE  WATER  SPRAY  DRY  KILN. 

various  forms  of  kilns,  the  water  spray  is  recommended  for  the  purpose  on  the  basis  of  con- 
siderable experience.  Since  many  of  these  are  already  in  use  for  this  purpose  only  a  brief 
description  will  be  given. 
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The  essential  feature  of  this  kiln  is  control  of  the  humidity  and  the  production  of  air  cir- 
culation by  means  of  a  series  of  water  sprays,  spaced  short  distances  apart  and  running  the 
entire  length  of  the  kiln  and  operating  in  narrow  flues  about  12  to  16  inches  in  width  and  about 
6  feet  deep. 

One  flue  is  placed  on  either  side  of  the  kiln,  as  shown  in  figure  6;  or  asinglc  flue  may  be 
placed  in  the  center.  The  spray  of  water  is  directed  downward  with  considerable  force,  and 
produces  a  large  movement  of  air,  which,  after  leaving  the  baffle  plates  at  the  bottom  of  the 
spray  chambers,  rises  through  the  heating  coils  and  upward  through  the  central  flue  between 
the  piles  of  lumber;  thence  it  passes  downward  and  outward  to  the  spray  flues  again. 

The  humidity  is  regulated  by  the  temperature  of  the  spray  water,  the  air  being  brought 
to  a  condition  of  complete  saturation  in  its  passage  through  the  sprays  of  water.  Cold  water 
reduces  humidity  and  hot  water  raises  it,  since  the  temperature  of  the  air  as  it  leaves  the  bottom 
of  the  spray  chambers  is  the  dew  point  of  the  air  after  it  is  heated  in  passing  through  the  heating 
pipes.  Thus,  tlie  humidify  of  the  air  delivered  to  the  lumber  is  controlled  by  controlling  the 
dew-point  temperature. 

Zigzag  baffle  plates  are  arranged  at  the  bottom  of  the  spray  chambers  to  remove  all  free 
particles  of  water  and  leave  the  air  in  a  clear  saturated  condition  as  it  enters  the  steam  pipes 
Condensers  are  also  placed  above  the  spray  chambers,  to  be  used  near  the  end  of  the  run  when  a 
low  humidity  but  not  much  air  circulation  is  required,  and  a  high-pressure  steam  spray  pipe  is 
placed  in  the  spray  chambers  for  use  in  relieving  caschardening.  There  are  no  ventilators, 
and  the  kiln  is  tightly  closed,  the  same  air  being  recirculated  over  and  over. 

Only  these  essential  parts  need  be  mentioned  here,  since  in  this  brief  discussion  a  complete 
design  of  the  kiln  is  not  intended  and  the  planning  of  new  kilns  or  the  modification  of  old  ones 
would  need  to  be  taken  up  in  detail  according  to  requirements. 


'  TIih  kiln  has  been  patented  by  Ihc  author  und  deiira  el  to  Hie  public  No.  1019713.  Mar.  5. 11112:  No.  11)19999,  Mar.  12,  1912;  and  No.  12289MI 
June  5.  1917. 
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GLUES  USED  IN  AIRPLANE  PARTS. 

By  S.  W.  Allen  and  T.  H.  Tkuax. 


This  report  was  prepared  for  the  National  Advisory  Committee  for  Aeronautics  and 
presents  the  results  of  investigations  conducted  by  the  Forest  Products  Laboratory 
of  the  United  States  Forest  Service,  at  the  request  of  and  with  funds  provided  by 
the  Bureau  of  Construction  and  Repair  and  the  Bureau  of  Steam  Engineering  of  the  Navy 
Department,  and  the  Bureau  of  Aircraft  Production  of  the  War  Department.  Some  of  the 
general  statements  are  taken  from  the  literature  on  glues  existing  previous  to  the  time  that 
the  laboratory  undertook  this  line  of  investigation. 

GENERAL  STATEMENT  ON  KINDS  AND  SOURCES  OF  GLUE. 

There  are  many  kinds  of  glue,  some  of  which  have  been  known  for  a  long  time.  The  kind 
to  be  used  in  any  particular  case  depends  upon  the  character  of  the  material  to  be  held  together 
and  upon  the  use  to  which  the  finished  article  is  to  be  put.  Strength,  for  instance,  is  usually 
the  important  requirement  for  glue  to  be  used  for  joint  work;  cheapness  may  be  more  im- 
portant than  strength  in  the  manufacture  of  low-grade  plywood  and  other  inexpensive  arti- 
cles; and  water-resistance  is  demanded  of  the  glues  to  be  used  in  airplanes,  certain  kinds  of 
sporting  goods,  and  other  glued  work  which  is  to  be  exposed  to  the  weather  or  to  high  humidity. 

For  the  purpose  of  this  discussion,  glues  will  be  divided  into  five  types,  which  will  be 
designated  as  follows : 

1.  Animal  glues,  which  are  made  from  the  hides,  hoofs,  horns,  bones,  and  fleshings  of 
animals,  principally  cattle.  These  glues  must  be  mixed  with  water  and  melted. 

2.  Liquid  glues,  which  arc  commonly  made  from  the  heads,  skins,  bones,  and  swimming 
bladders  of  fish.  Some  liquid  glues,  however,  are  made  from  animal  glue  and  from  other 
materials.    They  come  in  prepared  form  ready  for  immediate  use. 

3.  Vegetable  glues,  which  are  made  from  starch,  usually  cassava  starch,  and  sold  in 
powdered  form.    Ordinarily  they  require  heating  with  water  and  alkali  for  preparation. 

4.  Casein  glues,  which  are  made  from  casein,  lime,  and  certain  other  chemical  ingredients. 
rl  hey  are  commonly  sold  in  powdered  form,  requiring  only  the  addition  of  water. 

5.  Blood  albumin  glues,  which  are  made  from  black  soluble  blood  albumin,  a  product 
recovered  from  the  blood  of  animals.  These  glues  must  be  mixed  just  before  use,  since  they 
deteriorate  rapidly  in  standing. 

ANIMAL  GLUES— THEIR  MANUFACTURE,  PREPARATION,  AND  APPLICATION. 

MANUFACTURE  OF  ANIMAL  GLUE. 

The  process  of  making  animal  glue  is  briefly  its  follows:  The  stock  is  washed  and  treaterl 
to  remove  dirt  and  grease,  and  then  boiled  to  convert  the  glue-forming  substances  into  a 
glue  solution.  This  solution  is  concentrated  by  evaporation  until  it  will  form  a  jelly  on 
cooling.    The  jelly  is  then  cut  into  various  forms  and  dried. 

There  are  many  details  and  variations  which  depend  upon  the  kind  of  stock  used  and 
I  lie  plant  in  which  the  glue  is  made,  and  which  affect  more  or  less  the  character  of  the  resultant 
glue.    Bones  are  sometimes  boiled  without  first  removing  either  dirt  or  grease.    This  practice 
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naturally  fails  to  produce  a  high-quality  glue.  Bones  may  or  may  not  be  treated  with  acid 
to  remove  the  calcium  salts  before  cooking;  and  this  also  influences  the  glue  quality.  In 
cooking,  the  temperature  and  time  must  be  carefully  watched,  as  over-cooking  may  materially 
reduce  the  strength  of  the  glue.  The  stock  is  usually  boiled  with  fresh  water  several  times. 
The  first  boiling  or  first  run  gives  the  best  glue,  and  each  later  a  weaker. 

As  the  solution  of  glue  from  the  boiling  kettles  is  too  weak  to  form  a  jelly  which  can 
lie  handled,  it  must  be  concentrated.  This  is  done  by  boiling  off  the  water  in  vacuum  dryers 
until  the  percentage  of  glue  in  the  solution  is  high  enough  to  make  a  firm  jelly  on  cooling.  If 
the  temperature  rises  too  high  during  the  concentrating  process  the  quality  of  the  glue  may 
he  lowered. 

When  sufficiently  concentrated  the  glue  solution  is  cooled  by  refrigeration,  either  after 
heing  run  into  pans  or  as  it  runs  upon  a  traveling  belt.  As  it  cools  it  forms  a  jelly  firm  enough 
to  handle.  The  jelly  in  the  pans  is  removed,  sliced  with  wires  or  a  knife,  and  placed  upon 
screens  to  dry.  If  a  belt  is  used  the  jelly  is  formed  in  a  continuous  sheet,  which  is  cut  into 
sections  and  placed  on  screens  as  it  travels  along.  The  screens  are  then  placed  in  a  drying 
chamber  and  left  until  the  glue  is  dry.  Glue  may  be  easily  injured  during  the  drying  process 
if  the  temperature  .onditions  are  not  properly  controlled. 

The  form  of  the  glue  when  dry  depends  upon  the  shape  in  which  it  was  placed  upon  the 
screens.  Tf  carefully  sliced  to  the  proper  thickness  regularly  shaped  cakes  will  be  formed.  The 
sheet  glue  from  the  belt  breaks  into  thin  irregularly  shaped  pieces  as  it  comes  from  the  drying 
nets.  This  is  commonly  run  through  a  machine  to  break  it  into  smaller  pieces,  in  which 
shape  it  is  shipped  as  flake  glue.  Other  forms  of  glue  are  also  made,  and  any  of  the  forms 
may  be  subsequently  ground  and  sold  as  ground  glue. 

Sometimes  mineral  matter  such  as  barium  sulphate,  white  lead,  chalk,  zinc  oxide  or  whiting 
is  added  to  the  glue  after  it  has  been  concentrated,  but  before  it  is  cooled.  This  gives  it  a 
light  color  and  makes  it  opaque,  which  is  a  feature  desired  by  some  consumers. 

Nominal  grades  can  not  be  relied  upon  when  purchasing  animal  glue  for  high-class  work. 
It  is  necessary  for  the  purchaser  who  buys  on  bids  to  specify  his  requirements  and  then  provide 
means  to  insure  that  the  glue  furnished  by  the  manufacturer  is  up  to  these  requirements.  The 
variety  in  character,  color,  form,  strength,  and  other  characteristics  of  animal  glues  is  almost 
without  limit.  A  system  of  classification,  based  chiefly  on  the  jelly  strength,  was  devised  a 
long  time  ago  by  Peter  Cooper.  By  means  of  this  system  it  is  possible  to  group  the  great 
variety  of  glues  into  a  relatively  small  number  of  classes  or  grades.  The  grades  established 
by  Cooper  were  designated,  beginning  with  the  strongest,  A  extra.  1  extra,  1,  IX,  1},  If,  1J, 
1?)  li?  Hi  2.  There  are  now  on  the  market  glues  stronger  than  A  extra,  and  glues  weaker 
than  2.  for  which  there  is  no  standard  Peter  Cooper  grade.  This  system  of  grading,  however, 
appears  to  be  but  little  used  to-day  by  manufacturers,  except  occasionally  for  comparative 
purposes.  Each  manufacturer  has  his  own  system  of  grading,  which  he  keeps  more  or  less 
secret,  and^to  the  general  buying  public  the  grades  mean  little  or  nothing.  It  is  sometimes 
claimed,  also,  that  the  Peter  Cooper  grades  of  to-day  are  not  the  same  as  those  originally 
established. 

MIXING  AND  APPLICATION  OF  ANIMAL  GLUE. 

In  using  animal  glue  various  precautions'  must  he  observed  if  satisfactory  results  are  to 
be  obtained.  By  improper  use  a  very  high-grade  glue  may  be  made  to  give  poor  joints.  It 
is  important,  first,  to  find  out  the  right  proportion  of  glue  and  water  to  use  in  order  to  get 
the  best  results  with  the  wood  that  is  being  employed  and  the  conditions  under  which  the  work 
is  being  done.  This  is  largely  a  matter  of  experience,  but  it  can  also  be  determined  by  strength 
tests.  When  the  right  proportions  have  been  decided  upon,  they  should  be  strictly  adhered  to 
thereafter,  and  the  glue  and  water  should  be  weighed  out  when  making  up  a  new  batch  of 
glue  rather  than  measured  or  guessed  at.  Clean,  cold  water  should  be  used,  and  the  mixture 
thoroughly  stirred  to  prevent  lumps.    It  should  then  stand  in  a  cool  place  until  the  glue  is 
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thoroughly  water-soaked  and  softened.  This  may  take  only  an  hour  or  two,  or  it  may  take  all 
night,  depending  upon  the  size  of  the  glue  particles.  It  should  then  be  melted  over  a  water 
bath.  The  temperature  should  not  be  allowed  to  go  higher  than  about  150°  F. ;  high  temper- 
atures and  long-continued  heating  reduce  the  strength  of  the  glue.  The  glue  pot  should  be 
kept  covered  as  much  as  possible  in  order  to  prevent  the  formation  of  a  skin  or  scum  over  the 
surface  of  the  glue. 

The  room  in  which  the  glue  is  used  should  be  as  warm  as  possible  without  causing  too 
much  discomfort  to  the  workman,  and  it  should  be  free  from  drafts.  In  a  cold  drafty 
room  the  glue  cools  too  quickly  and  may  set  before  the  joint  has  been  put  into  the  clamps.  The 
result  is  a  weak  joint.  It  is  also  considered  good  practice  to  warm  the  wood  before  applying 
the  glue,  but  it  should  not  be  heated  long  enough  to  cause  an  appreciable  moisture  change. 
Wood  should  never  be  glued  when  it  is  colder  than  room  temperature,  and,  of  course,  only 
thoroughly  seasoned  wood  should  be  used.  Since  high-strength  animal  glues  set  so  quickly 
on  cooling,  they  should  be  applied  and  the  joints  clamped  as  quickly  as  is  consistent  with  good 
workmanship. 

In  clamping,  the  pressure  should  be  evenly  distributed  over  the  joint  so  that  the  faces 
will  be  in  contact  at  all  points.  The  amount  of  pressure  to  give  the  best  results  is  a  question 
which  has  never  been  definitely  settled.  Apparently  no  tests  have  yet  been  made  to  show  the 
best  pressure  to  use  on  edge  or  flat  grain  joints.  In  gluing  veneers  it  is  necessary  to  use  high 
pressures  in  order  to  flatten  out  the  irregularities  of  the  laminations.  Pressures  as  high  as 
150  pounds  per  square  inch  are  sometimes  used,  but  it  is  not  established  that  such  high  pres- 
sures are  necessary  or  desirable.  Too  much  pressure  must  not  be  used  in  gluing  surfaced  wood, 
as  the  glue  may  be  pressed  out  too  completely  from  the  joint,  producing  a  so-called  starved 
joint. 

Strict  cleanliness  of  glue  pots  and  apparatus  and  of  the  floors  and  tables  of  the  glue  room 
should  be  observed.  Old  glue  soon  becomes  foul  and  affords  a  breeding  place  for  the  bacteria 
which  cause  decomposition.  The  fresh  glue  is,  therefore,  in  constant  danger  of  becoming  con- 
taminated. Glue  pots  and  brushes  should  be  washed  after  every  day's  work.  The  brushes 
will  remain  sweet  if  kept  when  not  in  use  in  a  weak  solution  of  carbolic  acid.  Glue  enough 
for  a  day's  run  only  should  be  mixed  at  one  time,  so  that  mixed  glue  will  not  have  to  be  held 
over  from  one  day  to  another.  If  these  sanitary  precautions  are  not  observed,  poor  joints  may 
result. 

STRENGTH  OP  ANIMAL  GLUE. 

The  highest  grades  of  animal  glue  are  the  strongest  glues  used  in  woodworking.  Then- 
strength  is  greater  than  that  of  the  woods  they  are  used  upon,  and  when  they  are  properly 
applied  they  are  exceedingly  reliable,  so  long  as  they  are  not  exposed  to  moisture.  The  certi- 
fied glue  used  in  propeller  manufacture  was  sufficiently  strong  for  the  highest  type  of  wood- 
working, but  still  higher  grades  of  glue  are  obtainable.  The  certified  glues  were  required 
to  have  an  average  shearing  strength1  of  2,400  pounds  per  square  inch,  with  a  minimum  of 
not  less  than  2,200  pounds  per  square  inch.  Most  of  them,  however,  actually  showed  an  aver- 
age shearing  strength  of  between  2,500  and  3,000  pounds  per  square  inch. 

The  shearing  strength  of  the  lower  grades  of  animal  glue,  such  as  1£  and  less,  is  some- 
what lower,  but  by  careful  application  fairly  high  values  can  be  obtained  from  them. 

The  water-resistance  of  animal  glue  is  low;  but  the  high  grades,  which  have  high  jelly 
strength  will  stand  dampness  for  longer  periods  than  the  low  grades,  which  have  low  jelly 
strength. 

LIST  OF  REFERENCES. 

In  a  brief  discussion  of  this  nature  it  is  not  possible  to  cover  thoroughly  all  the  points 
touched  upon,  or  even  to  mention  many  things  which  the  glue  user  or  inspector  should  know. 
Those  who  wish  a  fuller  knowledge  of  the  subject  are  referred  to  the  following  publications: 


1  See  "  Testing  of  Glues,"  p.  21. 
153215— S.  Doe.  166, 66-2  27 
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BOOKS. 

Agglutinants  of  all  kinds  and  for  all  purposes.  By  H.  C.  Standage.  Pp.  267.  D.  Van  Nostrand  Co.,  New- 
York.  1907.  $3.50. 

Glue,  gelatine,  etc.   By  F.  Dawidowsky.    Pp.  282,  illus.   H.  C.  Baird  Co.,  Philadelphia,  Pa.,  1905.  $3. 

Glues  and  gelatines.  By  R.  L.  Fernbach.  Pp.  200,  illus.  D.  Van  Nostrand  Co.,  New  York,  1007.  Discusses 
the  manufacture,  classification,  testing,  and  analyses  of  glues  and  gelatines,  and  gives  information  on  sub- 
stitutes. $3. 

Glue  and  glue  testing.  By  Samuel  Rideal.  Pp.  144,  illus.  Scott,  Greenwood  &  Son,  London,  1901.  Dis- 
cusses the  manufacture,  testing,  and  use  of  glues,  especially  the  chemical  side.  $4. 

The  glue  book.  By  J.  A.  Taggart.  Pp.  85,  illus.  The  Republican  Publishing  Co.,  Hamilton,  Ohio,  1913. 
Discusses  "  how  to  select,  prepare,  and  use  glue."  $1. 

Glue  handling.    By  Frinian  Kanrs.    Pp.  12S,  illus.    Alliance  Printing  Co.,  New  York,  1906.  $1. 

JOURNAL  ARTICLES. 

Specifications  and  tests  of  glue.    By  O.  I.inder  and  E.  C.  Frost.    In  the  proceedings  of  the  American  Society 

for  Testing  Materials,  1914,  Part  2,  pp.  509  to  519.    Gives  the  results  of  tests  of  cabinet  glue. 
A  study  of  various  tests  upon  glue.    By  A.  H.  Gill.    In  the  Journal  of  Industrial  and  Engineering  Chemistry, 

1915,  vol.  7,  pp.  102  to  100.  Gives  the  results  of  tests  made  at  the  Massachusetts  Institute  of  Technology. 
Glue  for  use  on  airplanes.    By  P.  A.  Houseman.    In  the  Journal  of  Industrial  and  Engineering  Chemistry, 

1917,  vol.  9,  pp.  359  to  360.    Republished  in  Aviation,  July  1,  1917,  p.  462. 
The  grading  and  vise  of  glues  and  gelatine.    By  Jerome  Alexander.    In  the  Journal  of  the  Society  of  Chemical 

Industry,  1906,  vol.  25,  pp.  158  to  161. 

LIQUID  GLUES — THEIR  MANUFACTURE,  PROPERTIES,  AND  USES. 

Liquid- glues  vary  over  an  exceedingly  wide  range,  not  only  in  their  appearance  and  proper- 
ties but  also  in  their  chemical  constituency.  Most  of  them  are  manufactured  from  the  heads, 
bones,  swimming  bladders,  and  other  offal  from  fish. 

The  process  is  somewhat  similar  to  that  used  in  the  manufacture  of  animal  glues.  The 
offal  is  thoroughly  washed  with  water  and  then  discharged  into  extractors  and  digested  with 
live  steam.  After  digestion  the  liquid  is  drawn  off  and  allowed  to  stand,  following  which  the 
upper  oily  layer  is  removed.  The  lower  gluey  solution  is  then  clarified  with  alum,  filtered, 
concentrated  in  open  vats,  and  bleached  with  sulphur  dioxide.  The  resulting  glue  is  a  light- 
brown  viscous  liquid  of  extremely  disagreeable  odor.  It  is  sometimes  treated  with  sodium 
phosphate  or  perfumed  in  order  to  make  the  odor  less  offensive.  Dextrine,  certain  gums  and 
resin?,  starch,  casein,  rubber,  and  bitumen  also  find  occasional  use  in  the  manufacture  of  liquid 
glues. 

A  few  liquid  glues  are  made  with  animal  glue  as  a  base  by  treating  the  latter  with  a 
chemical  agent  that  destroys  the  power  of  the  glue  to  form  a  jelly,  and  by  mixing  it  with  a 
thinner  which  evaporates  when  the  glue  is  used  and  permits  it  to  set. 

A  good  liquid  glue  has  certain  advantages.  It  can  be  used  cold  and  spread  without  any 
preparation  whatever.  On  the  other  hand,  it  is  not  generally  so  strong  as  high-grade  animal 
or  casein  glues,  is  more  expensive,  and  not  so  widely  marketed.  Its  use  in  airplanes  is  confined 
to  repair  work  and  well-protected  parts.  The  majority  of  purchasers  have  no  way  of  know- 
ing in  advance  how  satisfactory  a  liquid  glue  will  prove  to  be.  Some  preliminary  studies  made 
at  the  Forest  Products  Laboratory  indicated  that  the  strength  of  liquid  glue  varies  with  its 
"  body  "  or  viscosity.  As  a  rule,  a  thick  viscous  glue  will  give  high  strength  and  vice  versa. 
The  body  or  viscosity  is  also  important  because  it  influences  the  amount  of  glue  which  may 
be  maintained  in  a  joint  when  pressing.  A  thin  glue  will  spread  a  larger  area,  but  the  layer 
on  the  wood  will  be  so  thin  that  there  is  danger  of  squeezing  it  out  under  pressure  and  pro- 
ducing a  weak,  or  "starved,"  joint  Other  qualities  desirable  in  liquid  glues  are  ability  to 
dry  and  set  rapidly  when  spread  on  wood  surfaces,  and  to  remain  liquid  while  in  the  container 
and  over  ordinary  ranges  of  temperature. 
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CASEIN  GLUES— THEIR  MANUFACTURE,  PREPARATION,  AND  APPLICATION. 

One  of  the  man}'  direct  results  of  the  war  lias  been  the  introduction  of  casein  glues  into 
the  woodworking  industries  of  this  country.  Previously  these  glues  had  been  used  in  Europe 
to  a  limited  extent  in  bookbinding  and  cabinet  work,  but  their  production  on  a  large  scale 
was  unknown.  In  the  United  States  the  use  of  casein  glues  is  more  recent  and  their  develop- 
ment has  been  more  rapid  than  in  Europe.  At  the  beginning  of  1918  only  one  plant  in  this 
country  was  manufacturing  a  water-resistant  casein  glue.  With  our  entrance  into  the  war  the 
demand  of  the  Arm}'  and  Navy  for  waterproof  ply-wood  enormously  increased  the  production, 
so  that  by  the  latter  part  of  1918  four  different  companies  were  manufacturing  casein  water- 
resistant  glues  and  the  Forest  Products  Laboratory  had  developed  several  formulas  for  making 
them. 

TYPES  OP  CASEIN  GLUES. 

There  are,  in  general,  two  types  of  casein  glues  which  for  convenience  may  be  designated 
as  prepared  glues  and  wet-mix  glues.  In  the  former,  the  glue  components  are  mixed  dry; 
while  in  the  latter,  the  ingredients  are  added  separately  and  at  different  times  during  the  mix- 
ing process.  Casein  glues  on  the  market  are  of  the  dry-mix  type;  that  is,  they  are  prepared 
and  shipped  "ready  to  add  to  water.  The  Forest  Products  Laboratory  has  done  a  Urge  amount 
of  work  in  developing  casein  glues,  and  some  of  the  best  formulas  are  of  the  wet-mix  type. 

MANUFACTURE  OF  CASEIN. 

The  principal  constituent  of  all  casein  glues  is  casein,  a  product  obtained  from  milk. 
When  milk  sours  naturally,  casein  is  precipitated  and  appears  as  "curd."  When  produced 
in  this  way  it  is  known  as  self-soured  or  naturally  soured  casein.  Various  acids  may  be  added 
to  the  milk  to  precipitate  the  casein,  the  principal  ones  used  being  hydrochloric  (muriatic) 
and  sulphuric.    Rennet  is  also  used  to  some  extent  as  a  precipitating  agent. 

The  usual  steps  in  the  production  of  casein  are:  (1)  Removal  of  fat  in  the  form  of  cream 
from  the  milk,  which  is  usually  accomplished  by  means  of  a  separator;  (2)  precipitation  of  the 
casein;  (3)  washing  to  remove  the  acid  and  other  impurities;  (1)  drying;  and  (5)  grinding 
to  a  powder.  The  care  used  in  these  various  steps  of  manufacture  has  a  large  effect  upon  the 
glue-making  properties  of  the  casein. 

The  principal  requirements  of  casein  to  make  it  desirable  for  glue  making  are:  (1)  A 
low  percentage  of  impurities  such  as  acid,  moisture,  and  fat;  (2)  freedom  from  sour  odors; 
(3)  clearness  and  uniformity  of  color;  and  (4)  fineness  of  particles.  By  grinding  a  casein 
to  fine  particles  a  minimum  of  time  is  required  in  the  mixing  and  a  more  uniform  glue  is 
obtained.  A  casein  ground  to  pass  through  a  screen  of  from  50  to  00  meshes  to  the  inch  will 
give  good  results. 

MANUFACTURE  OF  GLUE. 

To  produce  glue,  casein  is  mixed  with  other  ingredients,  the  chief  of  which  are  lime  and 
water.  These  three  constituents  alone  will  give  a  glue  of  good  water-resistant  properties, 
but  of  short  life.  Other  ingredients  are,  therefore,  added  to  increase  the  working  life  and  the 
water  resistance  and  to  improve  the  other  qualities  of  the  glue.  Caustic  soda^  sodium  fluoride, 
and  sodium  silicate  are  used  in  some  patented  formulas.  They  all  lengthen  the  life  of  the 
glue,  and  sodium  fluoride  probably  gives  the  glue  antiseptic  properties.  Still  other  ingredients 
are  added  to  give  the  glue  some  particularly  desired  property.  Oils  are  usually  added  to  the 
dry-mix  glue  to  prevent  dusting  in  handling  the  glue.  Formulas  vary,  therefore,  not  only  in 
materials  used  but  also  in  the  proportions  of  different  ingredients. 
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Several  formulas  for  mixing  casein  glues  have  been  developed  at  the  Forest  Products  Lab- 
oratory. One  of  the  best  of  these,  with  a  discussion  of  the  method  of  mixing  and  a  description 
of  materials  required,  follows. 

FORMULA— GLUE  NO.  4-A.1 


100  parts  casein 
130  to  280  parts  water 


jsoak  15  minutes 
15  to  22  parts  hydrated  powdered  lime 


00  parts  water 

70  parts  silicate  of  soda 


jmia 


mix 


mix 


METHOD  OF  MIXING. 

The  proper  quantity  of  water  is  introduced  into  the  glue  pot,  and  the  mixing  blade  is 
brought  into  action  at  a  speed  corresponding  to  about  50  or  60  revolutions  per  minute.  The 
stirring  is  allowed  to  continue  during  the  addition  of  the  casein  to  the  water  and  for  a  few 
minutes  thereafter  until  the  mixture  becomes  mush-like  in  consistency  through  the  absorption 
of  the  free  water  by  the  casein.    The  blade  is  then  stopped  and  the  mixture  allowed  to  soak. 

After  a  period  of  15  minutes  the  soaking  is  considered  complete  and  the  mixing  blade 
is  again  brought  into  action.  The  lime-water  mixture  is  now  added  and  two  or  three  minutes 
later  the  liquid  silicate  of  soda  is  introduced. 

The  mixing  is  allowed  to  continue  for  from  20  minutes  to  one-half  hour  after  the  addition 
of  the  silicate  of  soda,  whereupon  a  smooth,  freely  flowing  mixture,  of  uniform  texture  and 
free  from  lumps,  should  be  produced. 

Usually  some  experience  in  the  mixing  of  this  glue  is  necessary  before  satisfactory  results 
can  be  expected,  and  it  is  advisable  to  have  a  new  operator  witness  an  actual  demonstration. 
This  is  due  to  the  fact  that  no  precise  quantity  of  water  can  be  prescribed  because  of  the  varia- 
tion in  the  water-absorbing  qualities  of  different  caseins.  The  criterion  of  whether  or  not  the 
proper  quantity  of  soaking  water  has  been  added  is  the  viscosity  of  the  finished  (mixed)  glue. 
If  its  consistency  is  too  thin,  an  excess  of  water  beyond  that  required  has  been  used,  and  it 
is  best  to  reject  the  batch  and  try  again.  Similarly,  if  the  consistency  is  too  thick  and  heavy, 
an  insufficient  quantity  of  water  has  been  used.  The  water  required  for  various  types  of  casein 
lies  in  the  following  ranges: 


Lactic-acid  casein   130  to  170  parts  water 

Sulphuric-acid  casein  1 

Hydrochloric-acid  casein  }  1<0  t0  220  Parts  waler 

Rennet  casein   280  parts  water 


DESCRIPTION  OF  MATERIALS. 


Casein. — It  is  essential  that  the  casein  be  of  a  reasonably  pure  grade,  carefully  manu- 
factured, free  from  offensive  odors,  not  of  a  dark  yellow,  dirty,  or  other  objectionable  color, 
and  low  in  fat,  as  well  as  in  free  acid.  It  should  be  fine  enough  to  pass  through  a  60-mesh  sieve. 

Lime. — A  high  calcium  lime  gives  satisfactory  results,  but  limes  containing  a  relatively 
large  amount  of  magnesia  can  be  employed  if  a  quantity  sufficient  to  give  the  required  calcium 
hydroxide  conteflt  be  used.  It  can  be  prepared  for  use  by  adding  just  enough  water  to  fresh 
quicklime  to  cause  it  to  slack  to  a  powder.  It  should  then  be  made  fine  enough  to  pass  entirely 
through  a  60-mesh  sieve.    Commercial  powdered  hydrated  limes  are  also  suitable. 

Silicate  of  soda. — The  silicate  of  soda  is  in  liquid  form  and  corresponds  to  the  grade 
which  appears  on  the  market  for  preserving  eggs  or  for  adhesive  purposes.  The  various 
samples  which  have  given  satisfactory  results  at  this  laboratory  have  had  analyses  included 
within  the  following  ranges: 


1 D.  S.  patent  No.  1291300  on  this  process  has  been  granted  to  Samuel  Butterman,  of  the  Forest  Products  Labora- 
tory, and  assigned  to  the  United  States  Government. 
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Specific  gravity   li38  to  1.42 

Density  (Baumfi  scale)  40.31°  to  42.90° 

Sodium  oxide  per  cent—   9.38  to  9.88 

Silica  d0  31 41  t0  32  38 

This  formula  gives  a  glue  of  considerable  water  resistance.  It  has  formed  the  basis  for  a 
large  part  of  the  later  experimental  work  on  casein  glues  at  the  Forest  Products  Laboratory. 
By  modifying  the  proportions  of  materials  and  adding  still  other  components  glues  of  very 
desirable  qualities  are  obtained.  The  degree  of  water-resistance  and  the  workable  life  of  the 
glue  after  mixing  can  be  greatly  varied.  This  property  of  the  wet-mix  glues,  namely  the 
variation  of  the  components  to  attain  glues  of  special  qualities  is  one  of  the  chief  advantages 
over  the  dry -mix  type.  The  dry-mix  glues  on  the  other  hand  require  less  technical  knowledge 
on  the  part  of  the  user  than  do  the  wet-mix  type. 

PREPARED  CASEIN  GLUES. 

Commercial  casein  water-resistant  glues  are  of  the  dry-mix  type,  of  which  four  are  at 
present  on  the  market.  They  are  made  by  secret  formulas  and  the  details  of  the  method  of 
their  manufacture  are  not  public.  Directions  for  mixing  these  glues  are  furnished  by  the 
manufacturers  and  should  generally  be  followed  by  the  user.  The  principal  points  to  be 
observed  in  the  mixing  of  prepared  casein  glues  are : 

1.  A  thorough  mixing  of  the  dry  glue  from  each  or  all  containers  before  adding  to  the 
water.  This  is  advisable  on  account  of  the  segregation  of  ingredients  of  different  specific 
gravities  which  may  occur  during  shipment  from  the  factory  to  the  consuming  plant.  Sifting 
is  not  advisable,  as  it  may  remove  from  the  glue  some  essential  component. 

2.  Proportions  of  glue  and  water  should  always  be  weighed,  not  measured. 

3.  The  glue  should  be  added  slowly  to  the  water  accompanied  by  vigorous  agitation  in 
order  to  avoid  a  lumpy  mixture. 

4.  After  the  glue  is  well  mixed  into  the  water,  the  stirring  should  continue  more  slowly 
until  all  particles  are  thoroughly  dissolved  and  the  glue  appears  of  a  smooth,  creamy 
consistency. 

5.  The  desired  consistency  of  the  glue  should  be  attained  during  the  mixing  and  no  attempt 
should  be  made  to  thin  the  glue  should  it  become  too  thick  in  use.  It  should  be  mixed  only  as 
East  as  it  is  being  used. 

The  proportions  of  dry  glue  and  water  should,  in  general,  be  as  directed  by  the  manu- 
facturer. However,  the  exact  proportions  will  vary  with  (1)  different  glues,  (2)  different 
shipments  of  the  same  glue,  and  (3)  the  kind  of  work  for  which  the  glue  is  to  be  used.  Only 
average  proportions  can  be  stipulated  by  the  manufacturer;  and  the  operator,  in  order  to  obtain 
satisfactory  consistencies,  may  find  it  necessary  at  times  to  vary  from  the  average  proportions 
specified. 

TYPE  OF  MIXER. 

The  ordinary  types  of  mixers  used  for  animal  and  vegetable  glues  are  not  well  adapted 
to  casein  glues.  The  prime  requisites  for  a  mixer  for  these  glues  are:  (1)  Rapid  agitation  and, 
preferably,  different  speeds  of  the  paddle;  (2)  a  glue  pot  that  can  be  readily  cleaned — prefer- 
ably one  that  can  be  detached  from  the  machine  itself;  and  (3)  a  glue  pot  of  metal  that  will  not 
corrode  under  the  action  of  alkali.  The  mixing  pot  should  not  be  of  brass,  copper,  or  aluminum, 
as  the  alkali  usually  present  in  casein  glues  will  attack  these  metals.  No  provision  need  be 
made  for  heating,  as  casein  glues  must  not  be  heated.  A  mixer  that  has  proved  satisfactory 
at  the  Forest  Products  Laboratory  is  a  power  cake-dough  mixer  of  the  type  used  by  bakers. 
(See  Plate  I.)  The  machine  has  a  double-acting  paddle  and  may  be  operated  at  three  differ- 
ent speeds.  Some  glue  manufacturers  have  devised  inexpensive  machines  which  do  good  work 
and  which  embody  the  essential  points  of  thorough  agitation  and  ease  of  cleaning  the  mixing 
bowl. 
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APPLICATION  OF  GLUE. 

Casein  glue  may  be  applied  to  the  wood  either  by  hand  or  with  a  machine  spreader.  In 
applying  by  hand,  a  wire  brush  or  a  metal  scraper  gives  good  results.  If  the  glue  is  to  be 
spread  on  irregular  joints  with  a  bristle  brush  a  somewhat  thinner  mixture  may  have  to  be 
used.  The  ordinarj'  corrugated  roll  type  of  machine  spreader  works  well.  Enough  glue  should 
be  spread  to  cover  both  surfaces  of  the  joint  and  a  small  amount  should  squeeze  out  from  the 
joints  when  pressure  is  applied. 

The  working  life  of  casein  glues  varies  from  a  few  to  many  hours.  A  glue  of  moderate 
consistency  should  have  a  life  of  at  least  four  or  five  hours,  and  glues  may  be  made  which  will 
last  for  many  hours.  The  fitness  of  a  glue  for  use  should  be  judged  by  its  consistency; 
ordinarily,  as  long  as  it  can  be  uniformly  spread,  a  good  glue  will  give  good  results.  The  time 
that  may  elapse  between  the  spreading  of  the  glue  upon  the  wood  and  the  pressing  will  depend 
upon  several  factors,  chief  of  which  are:  (1)  The  moisture  content  of  the  wood;  (2)  the  con- 
sistency of  the  glue;  (3)  the  kind  of  wood;  (4)  the  quantity  of  glue  applied,  and  (5)  the 
temperature  of  the  wood  and  glue.  The  time  should  be  correspondingly  reduced  if  the  wood 
is  of  an  open,  porous  nature  and  of  a  low  moisture  content,  or  if  a  thin  spread  or  a  thick,  heavy 
glue  is  used.  A  high  temperature  causes  the  moisture  to  disappear  more  rapidly  from  the 
glue  layer  and  also  hastens  the  setting  of  the  glue.  In  general,  the  pressure  should  be  applied 
while  the  glue  is  yet  in  a  wet  condition,  in  order  to  obtain  contact  between  the  uncoated  wood 
and  the  glue  layer.  If  the  glue  becomes  too  thick,  poor  contact  will  result.  In  most  cases,  if 
pressure  is  applied  within  ten  to  fifteen  minutes  good  results  will  be  obtained.  Under  other 
conditions  a  longer  time  may  elapse. 

PRESSURE. 

Sufficient  pressure  should  be  applied  to  bring  the  layers  of  wood  into  close  contact  with 
the  glue.  A  pressure  of  from  75  to  100  pounds  per  square  inch  is  usually  considered  ample. 
This  will  necessarily  vary  with  the  consistency  of  the  glue  and  the  character  of  the  material 
being  joined.  Greater  pressures  are  necessary  for  irregularly  surfaced  material  and  thick  glue 
mixtures  than  with  the  opposite  conditions.  The  time  under  pressure  may  vary  from  a  half- 
hour  to  a  much  longer  period.  Good  joints  have  been  obtained  by  pressing  for  only  one-half 
hour.  A  longer  period  will  probably  give  better  results.  Where  it  is  convenient  retaining  in 
clamps  over  night  is  generally  practiced. 

After  the  material  is  removed  from  the  press,  it  should  preferably  be  allowed  to  condition 
before  being  finished.  The  time  required  for  conditioning  will  depend  upon  the  size  of  the 
stock,  the  moisture  content  of  the  material  before  gluing,  the  condition  under  which  it  is 
seasoned  and  the  requirements  of  the  finished  product.  A  uniform  moisture  content  of  approxi- 
mately that  desired  in  the  finished  piece  should  prevail  in  the  material  before  it  is  put  through 
the  finishing  process. 

STORAGE  OF  CASEIN  GLUES. 

Dry  casein  and  casein  glues  will  keep  for  a  long  time  if  stored  under  proper  conditions. 
When  bought  in  large  quantities  they  should  be  stored  in  a  cool,  dry  place,  as  excessivo 
moisture  and  high  temperatures  cause  deterioration. 

STRENGTH  AND  WATER-RESISTANCE. 

Casein  glues,  when  properly  mixed  and  applied,  have  good  strength  and  water-resistant 
properties.  These  qualities  are  well  demonstrated  by  the  tests  imposed  on  plywood  manufac- 
tured for  use  in  airplanes.  To  be  accepted  samples  were  required  to  show  no  separation  of 
the  plies  after  boiling  in  water  for  eight  hours  or  soaking  in  cold  water  for  ten  days.  For 
shearing  strength  in  plywood  the  requirements  were  at  least  150  pounds  per  square  inch,  but 
most  of  the  plywood  tested  at  the  Forest  Products  Laboratory  showed  values  considerably 
higher  than  this  minimum  requirement.   Tested  wet  after  several  days'  soaking,  casein  glues 


GLUES  USED  IN  AIRPLANE  PARTS.  395 

commonly  have  from  20  to  40  per  cent  of  their  dry  plywood  shear  strength.  If,  however, 
the  glue  is  redried  after  being  soaked,  the  original  strength  of  the  glue  is  very  largely  re- 
covered. 

As  a  joint  glue,  casein  is  as  strong  as  the  wood  of  practically  all  of  our  common  species. 
Tested  on  blocks  of  maple  with  the  grain  running  in  the  same  direction,  shearing  strengths 
are  commonly  obtained  ranging  from  2,000  to  2,500  pounds  per  square  inch,  with  a  large  per- 
centage of  failures  in  the  wood.  The  progress  which  is  being  made  in  developing  new  formulas 
and  improving  the  methods  of  manufacture  is  constantly  increasing  the  strength  and  water- 
resistance  which  can  reasonably  be  demanded  of  casein  glues. 
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A  large  number  of  articles  have  been  published  on  the  chemical  properties  of  pure  casein. 
They  can  be  located  through  Chemical  Abstracts.  Most  of  the  articles  published  in  English 
have  appeared  in  the  following  journals: 

Journal  of  Biological  Chemistry. 

Journal  of  Physical  Chemistry. 

Journal  of  the  American  Chemical  Society. 

Technical  Bulletins  of  the  New  York  Agricultural  Experiment  Station. 

BLOOD  ALBUMIN  GLUES— THEIR  MANUFACTURE,  PREPARATION  AND  APPLI- 
CATION. 

The  use  of  blood  albumin  glue  is  comparatively  new  in  this  country.  Previous  to  our 
entry  into  the  war,  a  few  manufacturing  plants  had  their  own  secret  formulas  and  were  using 
them  in  the  preparation  of  glue.  But  the  demand  for  water-resistant  plywood  for  military 
purposes  caused  a  marked  increase  in  the  production  of  all  kinds  of  waterproof  glues,  both 
casein  and  blood  albumin.  During  the  period  of  the  war,  the  Forest  Products  Laboratory 
developed  several  formulas  for  blood  albumin  glues  and  worked  out  a  method  of  gluing  very 
thin  veneer  by  a  dry  blood  glue  process. 

WET  GLUE  PROCESS. 

Prepared  blood  albumin  glues  are  not  offered  on  the  market,  chiefly  on  account  of  the 
decrease  in  solubility  of  the  albumin  with  age.  They  are,  therefore,  mixed  at  the  time  of  using. 
The  glue  may  be  made  either  from  the  fresh  blood  of  slaughtered  animals  or  from  black 
soluble  blood  albumin  obtained  by  processing  the  fresh  blood.  To  make  the  use  of  fresh  blood 
feasible,  the  supply  must  be  readily  accessible  to  the  place  of  manufacture,  inasmuch  as  rapid 
decomposition  takes  place  and  renders  it  unsatisfactory  for  glue  purposes.  Unless  utilized 
at  once  it  must  therefore  be  treated  with  a  preservative  or  converted  into  a  dried  soluble  form. 
The  dried  soluble  albumin  is  the  form  from  which  the  glue  is  generally  made,  and  is  obtained 
by  subjecting  the  fresh  blood  to  a  process  for  removing  the  fibrin  and  part  of  the  red  corpuscles 
and  then  evaporating  to  dryness  at  a  temperature  below  the  coagulating  point  of  the  albumin, 
which  is  approximately  160°  F. 

PREPARATION  OF  GLUE. 

(Forest  Products  Laboratory  Method.) 

In  order  to  put  the  dried  albumin  into  solution,  it  is  necessary  to  allow  it  to  soak  for  some 
time  before  stirring.  It  is  advisable  to  add  water  at  about  room  temperature  to  the  albumin  and 
allow  it  to  stand  two  hours  or  more  before  stirring.  It  should  then  be  agitated  until  it  is 
of  uniform  consistency.  If  coarse  particles  of  insoluble  material  occur,  the  mixture  may  be 
strained  through  a  screen  of  about  30  meshes  to  the  inch.  The  dried  albumin  always  contains 
some  insoluble  material  and  becomes  more  and  more  insoluble  with  age. 

A  mixture  of  blood  albumin  and  water  makes  a  glue  with  a  considerable  degree  of 
adhesiveness,  but  it  may  be  improved  by  the  addition  of  other  materials.  The  basic  blood 
albumin  glue  formula1  for  the  wet  glue  process  worked  out  at  the  Forest  Products  Laboratory 
consists  of: 

0  parts  of  black  soluble  blood  albumin  (00  per  cent  solubility). 
11  parts  of  water  at  about  80°  F. 

1  part  of  ammonium  hydroxide  (sp.  gr.  0.90). 

J  part  hydrated  lime  (from  2  to  3  per  cent  of  the  weight  of  albumin). 

After  the  blood  has  been  put  in  solution,  the.  ammonia  is  added  while  stirring  the  mixture 
slowly.  The  lime  is  then  added  in  the  form  of  a  thick  cream,  and  agitation  should  be  continued 
slowly  for  a  few  minutes.  Care  should  be  exercised  in  the  use  of  the  lime,' inasmuch  as  a  small 
excess  will  cause  the  mixture  to  thicken  and  become  a  jellylike  mass.    The  glue  should  be  of 

1  Tatcnt  applied  for  in  the  name  of  S.  B.  Henning,  Forest  Products  Laboratory. 


GLUES  USED  IN  AIRPLANE  PARTS. 


397 


moderate  consistency  when  mixed  and  should  be  suitable  for  use  for  several  hours.  The  exact 
proportions  of  albumin  and  water  may  be  varied  to  produce  a  glue  of  greater  or  less  consistency 
or  to  suit  an  albumin  of  different  solubility  than  that  specified. 

APPLICATION  OF  GLUE. 

The  glue  may  be  applied  to  the  wood  either  with  a  bristle  brush  or  with  a  glue  spreader. 
If  the  spreader  is  used  it  should  be  run  only  when  actually  coating  the  wood,  as  otherwise 
the  glue  may  become  foamy. 

PRESSING. 

To  set  the  glue,  a  minimum  temperature  of  approximately  1G0°  F.  is  necessary,  which 
causes  the  blood  to  coagulate.  When  thoroughly  coagulated,  the  glue  can  not  again  be  dis- 
solved in  water.  The  heat  is  conveniently  applied  to  the  wood  by  pressing  between  the  hot 
platens  of  a  hydraulic  press.  In  order  to  reduce  the  time  required  in  the  press  and  thus  in- 
crease its  capacity,  it  is  customary  to  use  a  temperature  of  from  '200  to  220°  F.  Excessively 
high  temperatures,  however,  turn  the  moisture  in  the  glue  and  wood  to  steam  and  are  likely 
to  produce  steam  pockets  or  blisters  between  the  plies  of  wood.  A  pressure  of  from  50  to  100 
pounds  per  square  inch  is  desirable.  The  time  required  for  pressing  depends  upon  the 
thickness  of  the  plies,  the  number  of  panels  in  the  press,  and  the  temperature  of  the  plates. 
With  a  temperature  of  212°  F.  three  minutes  are  sufficient  for  one  three-ply  panel  with 
^-inch  face  plies.  The  necessary  length  of  time  naturally  increases  with  an  increase  in 
thickness  of  material. 

Blood  albumin  glue  is  used  in  plywood  construction  chiefly.  It  may,  however,  be  used 
for  thicker  material.  For  thick  blocks  it  is  necessary  to  apply  pressure  and  maintain  it  by 
the  use  of  retaining  clamps,  and  then  subject  the  material  in  a  kiln  or  hot  room  to  a  tempera- 
ture sufficient  to  set  the  glue. 

Blood  albumin  glue  is  highly  water-resistant,  surpassing  in  this  respect  the  present  casein 
glues.  It  retains  its  shearing  strength  to  a  remarkable  degree  after  soaking  or  boiling,  giving 
from  50  to  75  per  cent  of  the  dry  strength.  It  is  known  to  possess  strength  sufficient  for  joint 
work,  although,  on  account  of  the  difficulty  of  setting  the  glue,  it  is  generally  considered  im- 
practical for  this  purpose. 

PRECAUTIONS  IN  THE  USE  OF  BLOOD  ALBUMIN  GLUE. 

Several  precautions  should  be.  observed  in  mixing  and  applying  blood  albumin  glue. 

1.  Weigh  out  all  constituents;  do  not  measure  them. 

2.  Add  cold  water  to  blood  albumin  and  do  not  heat  mixture. 

3.  Do  not  stir  blood  until  it  has  soaked  for  from  one  to  two  hours. 

4.  Avoid  excessive  stirring  of  the  glue  or  agitation  on  the  spreader,  since  this  produces 
foamy  glue. 

5.  Load  press  and  apply  pressure  quickly  to  prevent  coagulating  the  blood  before  pressure 
is  secured. 

6.  Pressures  ranging  from  50  to  100  pounds  per  square  inch  are  advisable,  depending  upon 
the  glue  consistency,  nature  of  wood,  etc. 

7.  Excessively  high  temperatures  of  the  platens  of  the  press  produce  steam,  causing  blisters. 
A  range  of  200  to  212°  F.  is  advisable. 

8.  Panels  should  be  left  in  the  press  until  the  heat  has  penetrated  so  as  to  raise  all  parts 
to  at  least  160°  F. 

9.  Be  careful  not  to  use  an  excessive  amount  of  lime  or  a  strongly  alkaline  water. 

DRY  GLUE  PROCESS  FOR  THIN  VENEER. 

Gluing  thin  veneer  ranging  from  3V  to  °f  an  inch  mt°  a  ver7  thin  panel  has  always 
been  extremely  difficult.  The  principal  causes  of  trouble  have  been  penetration  of  glue  through 
the  face  plies  and  excessive  swelling  of  the  thin  veneer  due  to  the  rapid  absorption  of  water 
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from  the  wet  glue,  producing  overlaps,  curling,  and  wrinkling.  These  troubles  have  made  the 
manufacture  of  very  thin  plywood  a  very  difficult  and  expensive  process.  To  overcome  these 
difficulties,  a  method  of  gluing  very  thin  veneer  was  worked  out  at  the  Forest  Products  Labora- 
tory in  cooperation  with  the  Bureau  of  Aircraft  Production  for  the  construction  of  experi- 
mental material,  particularly  for  airplane  wing  covering. 

A  blood  albumin  glue  was  developed  which  when  dried  could  be  used  successfully  to  glue 
veneer  of  an  inch  in  thickness,  or  even  thinner.  The  glue  mixture  used  in  this  process  varies 
from  the  standard  formula  given  above  principally  in  the  addition  of  a  substance  which  makes 
the  glue  hygroscopic,  or  capable  of  attracting  and  retaining  moisture,  sufficiently  to  give  a 
contact  with  wood. 

PREPARATION  OF  GLUE  LAYER. 

The  principal  steps  in  the  manufacture  of  the  glue  layer  are:  (1)  Mixing  the  glue,  (2) 
coating  on  tissue  paper  or  cloth,  and  (3)  drying. 

To  obtain  good  results,  the  glue  must  be  mixed  thin  and  be  free  from  lumps  or  undissolved 
particles.    Straining  through  a  sieve  is  absolutely  necessary  in  this  case. 

The  first  machine  used  for  coating  this  glue  on  the  paper  and  drying  was  devised  and 
built  at  the  Forest  Products  Laboratory.  The  process  was  later  introduced  into  a  commercial 
paper  coating  plant,  an  improved  form  of  the  machine  for  drying  and  coating  was  installed, 
and  the  product  can  now  be  produced  on  a  commercial  basis. 

A  thin,  porous  tissue  paper  is  used  for  coating  and  is  placed  in  a  machine  geared  to  run 
it  through  the  glue  bath  at  a  rate  of  approximately  1  foot  per  minute.  The  tissue  paper 
passes  over  a  roller  in  the  glue  bath,  and  upward  into  a  drying  chamber  to  a  worm  roller  upon 
which  there  are  strips  of  felt  to  prevent  it  from  wrinkling.  It  then  passes  over  a  third  roller 
and  through  pinch  rolls  to  a  final  dry  roll.  Cloth  may  be  used  as  the  medium  upon  which 
the  glue  is  dried  and  then  be  made  to  serve  as  one  ply  in  panel  construction. 

GLUING  PROCESS. 

In  manufacturing  plywood  with  the  glue,  sheets  of  it  are  placed  between  the  plies  of  the 
wood  and  pressed  in  a  hot  press.  A  pressure  of  from  150  to  200  pounds  per  square  inch  is 
necessary  in  order  to  bring  about  good  contact  between  the  glue  layer  and  the  wood.  If  the 
moisture  of  the  veneer  is  low,  the  water-resistant  properties  of  the  plywood  may  be  increased 
by  a  slight  sprinkling  or  sponging  of  the  veneer  immediately  before  placing  in  the  press. 

ADVANTAGES  OF  THIS  PROCESS. 

This  form  of  glue  has  advantages  over  the  wet  glue  process,  chief  of  which  are: 

1.  Veneer  as  thin  as  one-one  hundred  and  twenty-fifth  of  an  inch  may  be  glued  up  suc- 
cessfully. 

2.  Overlaps,  wrinkling,  open  joints,  etc.,  are  overcome. 

3.  Gluing  with  the  addition  of  little  or  no  moisture  overcomes  cupping  and  twisting  of 
panels. 

4.  Drying  of  plywood  is  largely  eliminated. 

5.  Subsequent  trouble  in  checking  of  veneer  in  drying  is  eliminated. 

6.  Glue  is  always  ready  for  use  and  keeps  for  a  long  time. 

7.  It  can  probably  be  used  more  rapidly  and  with  less  labor  than  the  wet  glue  process. 

8.  No  spreader  is  required. 

VEGETABLE  GLUE— MANUFACTURE  AND  USE. 

The  term  vegetable  glue  is  considered  in  the  woodworking  industries  to  mean  glue  made 
from  starch.  There  are  other  adhesives  which  are  derived  from  vegetable  sources,  but  these 
are  not  commonly  used  in  woodworking.   Vegetable  glue  is  usually  made  from  cassava  starch. 
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which  appears  to  be  especially  adapted  for  the  purposes,  but  others  such  as  corn  starch  or 
potato  starch  are  sometimes  used  alone  or  mixed  with  cassava  starch.  Vegetable  glue  is  not 
used  in  airplane  manufacture  but  is  here  discussed  briefly  as  a  matter  of  interest. 

In  one  of  the  vegetable  glues  now  on  the  market,  the  cassava  starch  is  first  treated  to 
reduce  its  water  absorbing  power.  This  is  ordinarily  accomplished  by  heating  the  starch  with 
an  equal  weight  of  water  to  130°  F.,  stirring,  and  then  adding  strong  sulphuric  acid  to  the 
mixture.  Stirring  is  then  continued  for  several  hours  after  which  the  acid  is  neutralized  with 
an  alkali  and  the  mixture  finally  drained  and  dried.  It  is  sold  in  this  form  as  a  starch  base 
for  the  preparation  of  vegetable  glue  by  the  addition  of  caustic  soda.  It  is  customary  for 
the  manufacturer  to  sell  the  starch  base  and  the  caustic  on  the  basis  of  a  definite  price  per 
pound  for  "  dry  glue." 

In  preparing  the  glue  for  use,  the  starch  is  usually  placed  in  a  jacketed  mixer  so  that  it 
can  be  heated  and  stirred  when  the  water  and  caustic  soda  are  added.  About  one  hour's 
stirring  is  necessary  to  complete  the  mixing.  The  glue  can  be  prepared  without  heat  if  a 
higher  percentage  of  caustic  is  used. 

The  resulting  product  is  a  viscous,  translucent  material  which  is  used  cold  and  which  will 
keep  for  many  days  without  deterioration.  On  account  of  its  stiff  consistency  mechanical 
spreaders  are  required  to  apply  the  glue.  It  has  not  been  found  suitable,  therefore,  for  irreg- 
ularly shaped  joints,  which  require  hand  spreading.  It  is  pressed  in  cold  presses  in  the  same 
manner  as  casein  glue. 

There  are  other  prepared  vegetable  glues  on  the  market  which,  up  to  the  present  time 
have  not  been  so  widely  used  as  the  one  just  discussed.  These  have  various  starches  for  their 
bases  and  are  manufactured  by  processes  which  are  more  or  less  secret.  It  is  also  possible  to 
make  vegetable  glue  of  good  strength  directly  from  the  unprepared  starch,  with  or  without 
the  use  of  caustic  soda  or  other  chemicals. 

This  method  and  the  methods  which  vary  the  amount  of  caustic  used  promise  to  be  of 
value  in  eliminating  the  objection  to  vegetable  glue  occasioned  by  staining,  which  often  occurs 
in  gluing  fancy  furniture  veneers,  such  as  one-twenty-eighth  inch  birdseye  maple  and  mahogany. 
The  reduction  of  the  amount  of  alkali  in  the  glue  will  reduce  the  danger  of  staining,  but 
will  shorten  the  life.  A  vegetable  glue  made  in  this  way  without  caustic  will,  however,  remain 
workable  for  24  hours. 

The  status  of  the  various  vegetable  glues  is  more  or  less  involved  in  patent  litigation,  and 
in  using  any  of  them  the  user  should  be  thoroughly  informed  on  this  phase  of  the  subject. 

COMPARISON  OF  VARIOUS  TYPES  OF  GLUE. 

Each  of  the  five  types  of  glue,  namely,  animal,  casein,  vegetable,  blood,  and  liquid,  has  its 
own  peculiarities,  properties,  and  uses  which  influence  its  suitability  for  various  purposes. 

Animal  glue  has  been  used  so  long  and  is  so  familiar  to  woodworkers  that  the  value  of 
other  glues  is  measured  by  comparing  with  animal  glue.  The  principal  desirable  properties 
of  animal  glue  are  the  great  strength  and  reliability  of  the  higher  grades,  its  free-flowing 
consistency,  and  the  fact  that  it  does  not  cause  staining  of  fancy  veneers.  So  far  no  glue 
has  been  found  by  the  woodworking  industry  to  be  as  suitable  as  animal  glue  for  hand  spread- 
ing on  irregularly  shaped  joints,  although  a  cheaper  glue  would  be  very  desirable.  The 
price  of  animal  glue  and  the  fact  that  it  is  not  highly  water  resistant  are  the  chief  factors 
which  limit  its  use. 

Casein  glue  has  been  used  commercially  for  such  a  short  time  that  its  possibilities  and 
limitations  are  not  well  known.  It  has  good  strength,  is  used  cold,  and  can  be  spread  with  a 
brush,  all  of  which  are  desirable  properties.  The  property  most  featured,  however,  is  its 
high  water  resistance,  which  makes  it  suitable  for  gluing  articles  to  be  used  under  moist  con- 
ditions.  This  property  makes  it  a  very  desirable  glue  for  special  purposes. 
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Among  the  disadvantages  of  casein  glues  are  their  tendency  to  stain  thin  veneer  and  the 
relatively  short  working  life  of  some  kinds.  They  are  also  said  to  be  somewhat  harder  on  tools 
than  animal  and  vegetable  glues.  This  may  be  overcome  possibly  by  using  different  steel 
in  the  tools,  or  perhaps  by  altering  formulas. 

Casein  glues  by  proper  manipulation  can  be  given  certain  special  properties,  as  desired. 
Their  water  resistance,  strength,  consistency,  spread,  and  cost  can  be  varied  over  wide  ranges 
by  one  thoroughly  familiar  with  the  subject.  This  is  true  to  a  much  greater  extent  of  the  wet 
than  of  the  prepared  casein  glues.  Already  considerable  reductions  in  cost  have  been  made 
in  both  kinds,  but  particularly  in  the  wet  glues.  It  seems  quite  probable  that  casein  glues 
will  some  day  be  serious  competitors  of  vegetable  glues  on  a  price  basis,  without  regard  to 
water  resistance  or  other  properties.  Already  they  are  entering  the  field  of  animal  glue  in 
joint  work.  The  fact  that  they  can  be  made  to  spread  readily  by  hand  on  irregular  joints 
is  in  their  favor  in  this  connection,  in  addition  to  their  lower  price. 

Vegetable  glues  have  found  wide  use  in  recent  years  chiefly  on  account  of  their  cheapness. 
Other  valuable  features  are  that  they  are  used  cold,  and  that  they  remain  in  good  working 
condition  and  free  from  decomposition  for  many  days.  They  are  extremely  viscous,  however, 
and  it  is  not  practicable  to  spread  them  by  hand.  Their  lack  of  water  resistance  and  the  fact 
that  they  usually  cause  staining  in  thin  fancy  veneer  are  factors  limiting  their  use. 

Experimental  work  by  manufacturers  is  constantly  under  way  with  the  object  of  develop- 
ing new  and  better  grades  of  vegetable  glue,  and  some  jn'ogress  has  been  made  toward  pro- 
ducing a  stainless  grade.  The  future  developments  in  this  line  depend  to  some  extent  upon 
decisions  in  patent  litigation. 

Blood  albumin  glue  has  shown  notably  high  resistance  to  moisture,  especially  in  the  boil- 
ing test.  This  makes  it  particulai'ly  suitable  for  gluing  plywood  which  is  later  to  be  softened 
in  hot  water  and  molded.  The  production  of  molded  plywood  articles  has  been  very  limited, 
but  it  offers  a  good  field  for  future  development. 

Blood  glue  formulas  can  be  altered  so  as  to  produce  glues  of  various  properties.  It  is 
possible  to  make  some  very  cheap  blood  glues  suitable  for  the  production  of  medium  or  cheap 
grade  articles.  A  very  valuable  form  in  which  it  can  be  made  is  the  dry  glue  tissue.  This 
promises  to  be  valuable  for  laying  fancy  veneers,  since  by  its  use  it  is  possible  to  eliminate 
much  of  the  trouble  due  to  moisture  changes.  The  factors  limiting  the  use  of  blood  glue  are 
the  expensive  apparatus  required,  the  relatively  low  production  per  press,  and  the  fact  that 
it  is  not  very  practical  for  gluing  thick  stock. 

Liquid  glues  are,  in  general,  similar  in  properties  to  animal  glue.  Some  brands  are  quite 
equal  in  strength  to  good  joint  glues,  but  other  brands  are  very  weak  and  unreliable.  Their 
great  advantage  is  that  they  come  in  prepared  form,  ready  for  immediate  use.  This  makes 
them  particularly  suitable  for  patch  work  and  small  irluing  jobs.  The  factors  which  limit 
their  use  are  their  high  price,  their  lack  of  water  resistance,  and  the  difficulty  the  manufacturer 
has  in  distinguishing  between  good  brands  and  poor  brands. 

The  following  table  gives  in  summarized  form  a  comparison  of  the  various  glues.  From 
the  table  and  the  preceding  discussion  it  will  be  seen  that  there  is  no  glue  which  is  superior 
in  all  respects  to  all  the  others. 
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Comparison  of  various  glues. 


Particular  couipaied. 

Animal  glue. 

Casein  glue. 

Vegetable  glue. 

Blood  glue. 

Liquid  glue 

Source. 

Animal  hides,  bones, 
etc. 

Casein  from  milk. 

Starch— generally  cas- 
sava. 

Soluble  dried  blood. 

Animal  glue,  or  skins, 
bones,  etc.,  of  fish. 

Cost  per  pound  (Apr.. 
1919);  (veneer  eluc 
prices    for  carload 
lots). 

High  grade.  25  to  42 
cents  per  pound;  ve- 
neer grades,  15  to  30 
cents  per  pound. 

Casein,  14  to  18  cents 
per  pound;  prepared 
casein  glues,  I(i  to  20 
cents  per  pound. 

Prepared  glue,  10  to  12 
cents    per  pound: 
starch,  8  to  9  cents 
per  pound. 

Dried  blood,  about  20 
cents  per  pound. 

tl  to  $3  per  gallon. 

Spread1— 

Extremes  reported: 
Common  range: 

20  to  45. 
25  to  35. 

30  to  80. 
35  to  55. 

35  to  70. 
35  to  50. 

30  to  100. 

No  data. 

Mixing. 

Soaked  in  water,  then 
melted. 

Mixed  cold,  with 
rapid  stirring. 

Mixed  with  alkali  and 
water,  with  or  with- 
out heat;  can  be 
mado  without  alkali. 

Mixed  cold. 

Requires  no  prepara- 
tion. . 

Application. 

Applied  warm  with 
brush  or  mechanical 
spreader. 

Applied  cold  with 
brush  or  mechanical 
spreader. 

Applied  cold  with 
mechanical  spreader. 

Applied  cold  by  hand 
or  with  mechanical 
spreader. 

Applied  cold  or  warm, 
usually  by  hand. 

Temperature  of  press. 

Cold;  hot  cauls  fre- 
quently used. 

Cold. 

Cold. 

Hot. 

Cold. 

Strength  (lilock  shear 
test). 

High  grade  equal  in 
shear  strength  to 
strongest  American 
woods;  medium 
grades  slightly  lower. 

Similar  to  medium- 
grade  animal  glue. 

Similar  to  or  slightly 
less  than  medium- 
grade  animal  glue. 

Similar  to  or  slightly 
less  than  medium- 
grade  animal  glue. 

Coed  grades  similar  to 
medium-grade  ani- 
mal  gluo;  some 
brands  very  weak. 

Water  resistance. 

Low. 

High. 

Low. 

High. 

Low. 

Staining. 

Does  not  stain. 

Stains  thin  veneer  of 
some  species. 

If  mixed  with  caustic 
soda,  stains  thin  ve- 
neer of  some  species. 

Docsnot  stain,  but  tho 
gluo  is  very  dark; 
dry  process  glue  docs 
not  show  through. 

Does  not  stain. 

Uses  in  woodworking. 

High  grade.  Where  a 
strong  joint  is  de- 
sired;   low  grade, 
sometimes  used  for 
veneering,  especially 
where  it  is  desired 
to  provent  staining. 

Mainly  where  water 
resistance  is  desired 
in  veneered  or  joint 
work. 

Maiulv  in  veneered 
work  on  account  of 
cheapness,  but  also 
somewhat  for  joint 
work. 

Almost  entirely  for 
water-resistant  ply- 
wood for  aircraft 
purposes  and  for  ar- 
ticles to  be  molded 
after  boiling  in  wa- 
ter. 

Mainly  for  repair  work 
and  gluing  small  ar- 
ticles by  hand. 

1  Expressed  In  square  feet  of  glue  line  per  pound  of  dry  glue  for  veneer  work. 


TESTING  GLUES. 

The  tests  used  in  judging  glue  vary  with  the  types.  Strength  tests  are  suitable  for  all 
types.  Water-resistance  tests  are  made  on  casein  and  blood  glues.  Additional  tests  made  on 
animal  glues  are  with  respect  to  viscosity,  jelly  strength,  odor,  keeping  qualities,  grease,  foam, 
and  reaction  to  litmus.    Chemical  analysis  is  generally  of  little  value  in  judging  glue. 

STRENGTH. 

BLOCK  SHEAR  TEST. 

Strength  tests  are  made  by  gluing  together  two  or  more  pieces  of  wood  and  noting  the 
pressure,  or  pull  required  to  break  them  apart.  A  number  of  methods  of  making  the  test 
specimens  and  breaking  them  have  been  devised.  These  depend  to  a  certain  extent  upon  the 
character  of  work  expected  of  the  glue  and  the  nature  of  the  testing  apparatus  available.  In 
the  experiments  at  the  Forest  Products  Laboratory  the  simplest  and  most  convenient  method 
found  for  testing  the  strength  of  the  glue  is  a  shear  test. 

Two  blocks  of  selected  hard  maple,  about  1  by  2}  by  12  inches  in  size,  are  glued  together. 
After  the  glue  has  aged  sufficiently  they  are  cut  into  shear  specimens  as  shown  in  figui-e  1. 
These  are  placed  in  a  testing  machine  so  that  the  base  of  the  long  half  of  the  block  rests  on 
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Flo.  L — Method  of  preparing  specimens  for  glue  strength  tests. 
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a  metal  seat.  (See  fig.  2-C).  Pressure  is  then  exerted  on  the  short  half,  causing  it  to  slide 
past  the  long  half  at  the  glued  joint.  The  pressure  required  to  separate  the  blocks  in  this 
way  is  measured  and  the  percentage  of  the  area  of  wood  surface  torn  out  by  the  glue  estimated. 

If  the  failure  occurs  entirely  in  the  glue,  a  measure  of  the  strength  of  the  glued  joint  is 
obtained,  but  if  the  failure  is  entirely  or  partly  in  the  wood,  as  frequent]}'  happens,  the  full 
strength  of  the  glue  is  not  developed,  and  the  test  may  have  to  be  repeated  using  stronger  blocks. 

The  same  method  has  been  used  in  securing  data  on  the  strength  of  wood  in  shear.  Con- 
sequently when  the  strength  of  glue  has  been  determined  it  can  be  compared  with  that  of  any 
wood  whose  average  shearing  strength  is  known. 

Four  specimens  are  usually  broken  and  an  average  taken  of  their  individual  values.  The 
variation  in  the  values  can  be  kept  at  a  minimum  if  the  specimens  are  selected,  prepared,  and 
tested  under  as  nearly  the  same  conditions  as  possible.  A  very  important  factor  is  the  selection 


Fig.  2. — Shear  block  test  specimen  and  shearing  tool. 

of  the  wood.  The  species  should  be  the  one  upon  which  it  is  proposed  to  use  the  glue,  or  one 
at  least  equally  strong.  Hard  maple  is  the  standard  wood  in  use  at  the  Forest  Products 
Laboratory.  Other  woods  of  equal  or  greater  strength  which  might  be  used  arc  sweet  birch, 
black  locust,  flowering  dogwood,  canyon  live  oak,  persimmon,  big  shellbark  hickory,  and  western 
yew. 

It  is  a  good  plan  to  test  hide  glue  at  three  or  four  different  dilutions.  Four  different  sets 
of  specimens  should  therefore  be  prepared,  using  2,  2\,  2i,  and  2^  parts  water,  respectively, 
to  one  part  of  glue.  An  exceedingly  high-grade  glue  may  work  best  at  three  to  one,  and  there 
arc  low  grades  which  will  give  best  results  with  less  than  two  parts  of  water  to  one  of  glue. 
Other  types  of  glue  should  also  be  tested  under  conditions  which  will  permit  them  to  develop 
their  full  strength. 

On  account  of  the  variable  nature  of  wood  and  the  impossibility  of  doing  perfect  gluing, 
the  test  is  far  from  perfect  as  an  absolute  measure  of  the  strength  of  a  glue,  but  no  other 

153215— S.  Doc.  106. 66-^  28 
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strength  test  has  been  found  to  be  nearly  so  good.  It  merely  gives  an  idea  of  the  ability  of 
the  glue  to  hold  wood  together.  If  only  one  or  two  specimens  are  tested,  the  results  are  apt 
to  vary  widely  and  be  misleading,  so  it  is  desirable  to  base  conclusions  upon  data  from  a  con- 
siderable number  of  tests. 

As  a  means  of  judging  whether  the  glue  is  being  used  to  the  best  advantage,  the  shear 
block  test  is  very  valuable.  The  specimens  can  be  prepared  from  almost  any  piece  of  glued 
work,  provided  the  laminations  are  not  thinner  than  about  one-fourth  of  an  inch  and  the  grain 
in  adjacent  laminations  runs  parallel.  It  is  preferable  that  the  specimens  be  cut  to  the  size 
shown  in  figure  2,  but  it  is  not  absolutely  necessary:  smaller  sizes  can  be  used  if  conditions 
require. 


Fin.  3. — Plywood  specimens  and  method  of  test. 
PLYWOOD  SHEAR  TEST. 

An  additional  strength  test  is  made  on  glues  used  for  the  manufacture  of  plywood.  This 
consists  of  shearing  the  plies  apart.  The  form  of  specimen  used  at  the  Forest  Products  Labora- 
tory is  the  one  used  during  the  war  by  the  British  and  American  CJovernments  in  testing  air- 
craft plywood,  and  is  shown  in  fig.  3-A.  It  is  simple,  easily  prepared  from  any  plywood 
panel  and  quickly  tested.  The  machine  used  in  the  test  is  the  type  designed  for  testing  cement, 
but  is  provided  with  special  grips  as  shown  in  fig.  3-B.  The  specimen  is  placed  under  tension 
and  fails  principally  from  shearing.  The  shape  of  the  specimen  makes  it  impossible  to  develop 
the  full  shearing  strength,  but  the  test  gives  comparable  results  and  serves  to  keep  a  close 
check  on  the  uniformity  of  the  product. 
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WATER  RESISTANCE. 


So-called  waterproof  glues  may  be  tested  by  Booking  or  boiling  specimens  of  plywood 
glued  with  them.  The  specimens  used  at  the  Forest  Products  Laboratory  are  5  by  5  inches 
in  size.    The  specimens  are  soaked  for  10  clays  or  boiled  for  eight  hours  and  the  results  tabu- 
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LEGEND 

K    Indicates  no  separation  of  the  piles 

B  Indicates  that  the  total  ueparattoo  between  al!  the  plies,  regardli  of 
the  number  of  piles.  Ib  Dot  greater  than  ten  per  cent  of  the  IMt 
of  the  sample  tested 

C  Indicates  a  total  separation  greater  than  ten  per  cent  and  not  mor.- 
than  fifty  per  cent  of  the  area  of  the  sample  tested  or  indicate^ 
blisters  or  other  manufacturing  defect*  of  such  nature  as  would 
warrant  further  teats. 

L>.  Indicate*  a  total  separation  of  over  nfty  per  cent  of  the  area  of  th- 
aample  tested 

W.  F.  These  letters  are  Included  tn  the  strength  column  where  the 
specimens  fall  entirety  In  the  wood  and  below  |||  pounds  per 
square  Inch 

T.  T.  Indicates  that  the  specimens  break  when  being  sawed  or  the  face* 

are  too  thin  to  test 
A  check  mark  under  the  beading  glue,  faces,  or  core  indicates  where  th- 

failure  took  place.   A  glue  failure  indicates  that  the  strength 

of  the  Joint  baa  been  reached.    In  case  the  face  or  core  falls. 

It  la  known  that  the  Joint  is  at  least  as  strong  as  tuv  flgure 

recorded. 

Inspector's  description  such  as  lot  numbers,  etc .  are  included  In  ■'Re- 
marks" column. 


F10>  4. — Form  for  reporting  routine  plywood  tests,  filled  out  with  actual  figures  from  typical  test. 

lated  on  the  form  shown  on  fig.  4.  The  latter  test,  while  not  designed  to  duplicate  any  actual 
service  condition,  amounts  to  an  accelerated  soaking  test  and  furnishes  comparable  results  in 
a  short  time.  If  a  more  accurate  test  of  water  resistance  is  desired,  plywood  shear  specimens 
may  be  cut.  then  boiled  or  soaked,  and  tested  in  the  usual  way  in  the  plywood  testing  machine. 
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VISCOSITY. 

The  viscosity  of  animal  ghie  is  determined  by  allowing  a  specified  amount  of  the  glue  at  a 
definite  temperature  (usually  140°  F.)  to  flow  through  a  standard  orifice.  The  time  required 
is  a  measure  of  the  viscosity.  The  time  required  for  water  to  flow  through  is  taken  as  the 
standard.  In  general,  it  is  found  that  a  glue  with  high  viscosity  is  stronger  than  one  of  low 
viscosity  and  will  take  more  water,  although  there  are  exceptions.  Hide  glues,  as  a  rule,  have 
higher  viscosities  than  bone  glues.  A  number  of  viscosimeters  of  different  shapes  have  been 
devised.  In  the  glue  manufacturer's  laboratory,  where  many  tests  must  be  made  each  day, 
an  instrument  must  be  used  which  will  give  results  quickly.  This  can  be  done  with  a  pipette, 
cut  off  at  one  end,  or  with  a  straight  glass  tube  contracted  at  one  end.  These  instruments 
are  not  always  so  arranged  that  the  temperature  of  the  glue  within  them  can  be  controlled,  and 
for  a  number  of  other  reasons  they  are  not  entirely  accurate.  For  better  control  of  temperature 
and  greater  accuracy  the  Engler  viscosimetcr  is  often  used.  This  is  more  complicated  and 
more  expensive  than  the  glass  tubes,  and  also  slower  to  operate,  but  it  has  the  advantage,  in 
addition  to  greater  accuracy,  of  being  an  instrument  winch  is  in  general  use  for  testing  many 
kinds  of  materials.  The  values  obtained  by  its  use  are  readily  understood  by  laboratory  men 
and  can  be  readily  checked.  The  instrument  can  be  purchased  standardized  and  ready  for 
use. 

JELLY  STRENGTH. 

The  term  jelly  strength  refers  to  the  firmness  or  elasticity  of  the  jelly  formed  by  cooling 
a  glue  solution  of  specified  strength.  Strong  animal  glues  usually  have  high  jelly  strength. 
There  is  no  standard  instrument  for  determining  it,  and  no  standard  unit  for  expressing  it.  In 
some  laboratories  the  pressure  required  to  break  the  surface  of  the  jelly  is  measured.  In 
others  the  depth  is  observed  to  which  a  weight  of  special  shape  will  sink.  Sometimes  the 
jelly  is  cast  in  a  conical  shape  and  the  weight  required  to  press  the  point  of  the  cone  a  certain 
distance  is  taken.  The  Smith  jelly  tester,  which  is  sometimes  used,  is  so  constructed  as  to 
measure  the  pressure  required  to  expand  a  rubber  diaphragm  into  the  jelly  to  a  certain  volume. 
This  instrument  is  generally  considered  too  inconvenient  and  slow,  but  it  enables  an  accurate 
comparison  to  be  made  and  is  used  by  some  testing  laboratories.  A  very  common  test  is  the 
finger  test,  in  which  the  relative  strength  of  two  or  more  jellies  is  compared  by  pressing  the 
jelly  with  the  fingers. 

In  making  the  jellj'-strength  test  with  any  apparatus  it  is  important  that  the  conditions 
be  very  carefully  controlled  in  order  that  .comparable  results  may  be  obtained.  The  width 
and  depth  of  the  glue  jelly  should  be  as  great  as  practicable,  in  order  to  reduce  to  a  minimum 
the  reinforcing  effect  of  the  bottom  and  sides  of  the  vessel  upon  the  resistance  of  the  jelly  to 
indentation.  Once  a  standard  is  adopted  it  should  be  adhered  to  if  comparative  results  are 
desired.  The  temperature  of  the  jelly  when  tested  is  particularly  important,  as  the  relative 
strength  of  a  number  of  jellies  is  not  always  the  same  at  different  temperatures.  In  other 
words,  the  jelly  strength  of  different  glues  is  not  affected  to  the  same  extent  by  changes  in 
temperature.  The  ideal  way  would  be  to  cool  and  test  the  jellies  in  a  room  constantly  main- 
tained at  the  proper  temperature.  This  is  seldom  practicable,  however,  and  the  jellies  are 
generally  cooled  in  a  refrigerator  and  tested  in  a  warmer  room.  In  such  cases  it  is  important 
that  the  test  be  made  as  quickly  as  possible  after  removing  the  jelly  from  the  refrigerator,  so 
that  the  temperature  will  be  practically  the  same  as  it  was  in  the  refrigerator.  The  strength 
of  the  glue  solution  must  also  be  always  the  same,  once  a  standard  is  adopted.  Weaker  solu- 
tions can  be  used  for  high-strength  glues  than  for  low-strength  glues. 

ODOR. 

The  odor  of  animal  glue  gives  some  indication  of  its  source  and  its  condition.  Glue  which 
has  an  offensive  odor  is  not  considered  of  the  highest  grade.  The  bad  odor  may  be  due  to  the 
use  of  partly  decomposed  stock,  or  to  decay  of  the  glue  itself.    For  high-grade  work  it  is 
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usually  specified  that  the  glue  be  sweet;  that  is,  it  must  not  have  an  offensive  odor,  which  is 
determined  by  smelling  a  hot  solution  of  the  glue.  The  odor  of  different  glues  varies  consider- 
ably, and  it  is  difficult  or  impossible  to  express  the  different  "shades."  It  is  usually  not 
difficult,  however,  to  determine  whether  or  not  the  odor  is  clean,  or,  as  it  is  commonly  called, 
sweet.    The  temperature  and  strength  of  solution  arc  usually  not  specified. 

KEEPING  QUALITY. 

The  keeping  quality  of  a  glue  is  determined  by  allowing  the  jelly  left  from  the  jelly- 
strength  test  to  stand  in  the  laboratory  at  room  temperature  for  a  number  of  days.  The  odor 
and  condition  of  the  glue  are  noted  at  intervals.  Glues  with  good  keeping  qualities  will  stand 
several  days  without  developing  an  offensive  odor,  or  showing  any  appearance  of  decompo- 
sition. A  more  rigorous  test  frequently  adopted  is  to  keep  the  solution  in  a  thermostat  at 
about  85°  C.   The  glue  should  remain  sweet  at  least  48  hours  under  these  conditions. 

GREASE. 

For  joint  work  a  small  amount  of  grease  in  glue  is  not  a  serious  objection.  Too  much 
grease,  however,  is  objectionable,  as  grease  has  no  adhesive  properties.  For  some  classes  of 
work,  such  as  paper  sizing,  even  a  very  small  amount  of  grease  can  not  be  tolerated,  as  it  gives 
the  paper  an  objectional  appearance.  When  glue  is  to  be  used  in  a  spreader  where  foaming 
is  likely  to  occur,  a  small  amount  of  grease  is  desirable,  as  it  retards  foaming.  The  grease 
can  be  determined  by  chemical  means  if  desired,  but  this  is  not  necessary  unless  the  exact 
amount  of  grease  must  be  determined.  The  common  method  of  testing  for  grease  is  to  mix 
a  little  dye  with  the  glue  solution  and  paint  it  upon  a  piece  of  unsized  white  paper.  If  grease 
is  present,  the  painted  streak  will  have  a  mottled  or  spotted  appearance.  If  there  is  no  grease, 
the  streak  will  be  uniform. 

FOAM. 

Glue  which  foams  badly  is  objectionable  because  air  bubbles  get  into  the  joint  and  thus 
reduce  the  area  in  which  the  glue  is  in  contact  with  both  faces.  Foamy  glue  is  especially  un- 
desirable for  use  in  gluing  machines,  as  the  glue  is  agitated  much  more  than  when  it  is  used 
by  hand,  and  the  danger  of  incorporating  air  bubbles  is  greater.  The  amount  of  foam  is  de- 
termined by  beating  the  glue  solution  for  a  specified  time  with  an  egg  beater  or  similar  instru- 
ment and  then  noting  the  height  to  which  the  foam  rises  and  the  quickness  with  which  it  sub- 
sides. All  laboratories  do  not  make  the  test  in  exactly  the  same  way,  but  in  any  laboratory  after 
a  method  has  once  been  adopted  it  should  be  strictly  followed.  The  foam  test  is  generally 
made  on  the  solution  used  in  the  viscosity  test. 

REACTION  TO  LITMUS. 

By  its  reaction  to  litmus  a  glue  shows  whether  it  is  acid,  alkaline,  or  neutral.  The  test 
is  made  by  dipping  strips  of  red  and  blue  litmus  paper  in  the  glue  solution  remaining  after 
the  viscosity  test  or  some  other  test,  and  noting  the  color  change.  An  acid  glue  turns  blue  litmus 
red,  an  alkaline  glue  turns  red  litmus  blue,  and  a  neutral  glue  will  not  change  the  color  of 
either  red  or  blue  litmus.  A  glue  containing  a  slight  amount  of  acid  is  slightly  preferable 
to  one  which  is  neutral  or  alkaline,  because  it  is  not  quite  so  favorable  a  medium  for  the  growth 
of  the  organisms  which  cause  decay. 

COMPARISON  WITH  STANDARD  SAMPLE. 

It  is  apparent  that,  for  the  most  part,  the  tests  for  animal  glues  give  comparative  rather 
than  absolute  results.  It  is  frequently  difficult  to  compare  the  results  of  tests  made  by  one 
laboratory  with  those  made  by  another,  as  the  strength  of  solution,  temperature,  and  manipula- 
tion so  often  are  different.    For  this  reason,  it  is  considered  that  the  most  satisfactory  method 
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of  purchasing  animal  glues  is  to  specify  that  they  shall  be  equal  to  a  standard  sample  furnished 
the  bidder  to  test  in  any  way  he  sees  fit.  The  bidder  should  also  be  informed  as  to  the  methods 
the  purchaser  intends  to  use  in  testing  glue  submitted  to  him  as  equal  to  the  standard  sample. 

In  using  strength  tests  it  should  be  remembered  that  there  is  a  difference  between  testing 
the  glue  itself  and  testing  the  workmanship  of  the  gluing.  In  the  former  a  wood  which  will 
not  fail  before  the  glue  fails  should  be  used.  If  the  glue  is  too  strong  the  ideal  testing  wood 
is  hard  to  find,  but  hard  maple  approaches  the  desired  standard.  In  the  latter  it  is  only 
necessary  to  use  the  particular  wood  which  will  be  glued  in  practice  or  some  other  wood  equally 
strong.    Then  if  the  glue  proves  stronger  than  the  wood,  the  test  is  satisfactory. 

While  in  some  cases  equipment  for  strength  tests  would  pay  a  large  manufacturer,  for 
smaller  plants  the  cost  is  prohibitive.  A  system  of  inspection  and  certification  for  glues  of 
various  grades,  such  as  was  operated  in  connection  with  the  control  of  glue  purchased  for 
aircraft  manufacture  during  the  war,  would  enable  purchasers  to  secure  glue  of  known  quality 
without  testing  it  themselves.  Under  this  system  glue  was  barreled,  sealed,  and  certified  at 
the  plants  on  the  basis  of  actual  tests  made  at  a  central  testing  laboratory  by  glue  experts. 
This  system  might  be  duplicated  during  peace  times  by  the  organization  of  an  inspection 
service  supported  by  an  association  of  the  glue-using  industries. 
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SUPPLIES  AND  PRODUCTION  OF  AIRCRAFT  WOODS. 

By  W.  N.  Sparhawk. 


INTRODUCTORY. 

The  purpose  of  this  report  is  to  present  in  brief  form  such  information  as  is  available 
regarding  the  supplies  of  the  kinds  of  wood  that  have  been  used  or  seem  likely  to  become 
important  in  the  construction  of  airplanes,  and  the  amount  of  lumber  of  each  species  normally 
put  on  the  market  each  year.  A  general  statement  is  given  of  the  uses  to  which  each  kind  of 
wood  is  or  may  be  put,  but  no  attempt  has  been  made  to  go  into  a  technical  discussion  of  these 
various  uses. 

The  information  herein  contained  has  been  compiled  from  a  great  many  sources,  including 
principally  published  and  unpublished  reports  by  various  members  of  the  Forest  Service. 
Many  of  the  figures  given,  particularly  those  relating  to  amounts  of  standing  timber,  are  only 
crude  estimates,  but  until  we  have  a  census  of  the  forest  resources  of  the  country  we  shall  have 
to  depend  largely  on  guesswork.  The  figures  on  production  of  lumber  are  taken  from  the 
annual  lumber  census  reports  and  may  be  relied  upon.  Estimates  as  to  the  proportions  of  the 
total  lumber  production  of  different  species  that  may  be  suitable  for  the  manufacture  of  air- 
craft are  necessarily  very  general,  and  arc  open  to  modification  as  methods  of  sawing  or  as 
airplane  specifications  change. 

It  is  believed  that  all  the  species  used  to  any  extent  or  approved  for  use  in  American  air- 
craft are  included.  However,  specifications  in  all  probability  will  be  changed  as  the  industry 
develops.  Consequently,  the  use  of  many  kinds  of  woods  not  now  considered  suitable  may 
eventually  bo  allowed. 

Statements  regarding  the  uses  of  the  different  woods  are  included  in  order  to  give  an  idea 
of  the  industries  with  which  aircraft  manufacturers  will  have  to  compete  for  their  lumber 
supplies.  The  figures  published  were  obtained  several  years  ago  and  honce  may  not  exactly 
represent  present  conditions,  since  the  annual  production  of  lumber  of  many  of  the  species 
has  changed  considerably  in  the  interval. 

The  maps  that  accompany  the  text  show  by  dots  the  approximate  locations  of  the  mills 
that  in  1917  produced  the  largest  amounts  of  the  lumber  of  most  of  the  species  covered. 
These  maps,  therefore,  indicate  in  a  general  way  the  sources  of  commercial  supplies  of  the 
various  species. 

SITKA  SPRUCE. 

(Picea  sitchensis.) 
This  species  is  also  known  as  tideland  spruce  and  western  spruce. 

DISTRIBUTION. 

Sitka  spruce  occurs  in  a  strip  along  the  Pacific  coast  from  northern  California  to  Alaska. 
Only  along  a  few  of  the  larger  valleys  does  it  extend  more  than  40  miles  inland.  The  bulk 
of  the  stand  of  high-grade  spruce  is  in  Clallam,  Jefferson,  Grays  Harbor,  and  Pacific  Counties, 
Wash.,  and  in  Clatsop,  Tillamook,  Lincoln,  Douglas,  Coos,  and  Lane  Counties,  Oreg. 
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USE  IN  AIRCRAFT. 

Spruce  is  the  wood  par  excellence  for  the  construction  of  aircraft.  It  is  light  and  has 
greater  strength  than  other  woods  of  similar  weight.  It  is  stiff,  has  a  considerable  degree  of 
toughness,  and  can  be  worked  with  ease.  These  properties  have  made  it  the  most  generally 
used  wood  for  wing  beams  and  struts,  and  large  quantities  are  employed  for  longerons,  ribs, 
and  plywood.  Although  there  is  no  great  difference  hi  the  strength  properties  of  red,  white, 
and  Sitka  spruce,  the  latter  species  on  account  of  its  greater  size  and  consequently  its  larger 
proportion  of  clear  lumber,  is  a  more  important  source  of  aircraft  material  than  the  other  two. 
Because  of  this  and  the  large  supplies  of  virgin  timber  still  remaining,  Sitka  spruce  will  probably 
for  many  years  be  a  very  important  species  in  the  aircraft  industry,  notwithstanding  the  fact 
I  hat  the  supply  is  so  far  away  from  centers  of  manufacture. 

SUPPLY  OF  TIMBER. 

Sitka  spruce  does  not  occur  in  pure  stands  over  considerable  areas,  but  grows  in  mixture 
with  Douglas  fir,  western  hemlock,  grand  fir,  western  red  cedar,  and  associated  species.  It 
constitutes  from  12  to  40  per  cent,  and  occasionally  an  even  greater  proportion,  of  the  stand 
on  much  of  the  land  where  it  is  found,  with  an  average  of  about  20  per  cent.  The  trees  roach 
diameters  of  from  12  to  15  feet  and  heights  up  to  200  feet.  Average  mature  trees  are  between 
4  and  6  feet  in  diameter  and  contain  from  10  to  15  thousand  feet  of  lumber. 

The  total  stand  of  Sitka  spruce  in  Washington  and  Oregon  is  nearly  11  billion  board  feet,' 
of  which  6,100  million  feet  is  in  the  four  Washington  counties  named  above,  4,375  million 
feet  in  Oregon,  and  475  million  feet  in  other  counties  of  western  Washington.  Except  for 
about  600  million  feet  on  the  Queniult  Indian  Reservation,  950  million  feet  on  the  Olympic 
National  Forest,  and  700  million  feet  of  State  timber,  all  of  which  is  in  Washington,  and  300 
million  feet  on  the  Siuslaw  National  Forest,  in  Oregon,  the  spruce  is  privately  owned,  most  of 
it  by  large  timber  and  logging  companies. 

Almost  all  of  the  Government  timber  is  at  present  inaccessible.  One-third  of  the  privately 
owned  timber  is  scattered,  inaccessible,  or  too  low  a  grade  to  be  important  as  a  source  of  air- 
plane material;  2£  billion  feet  is  in  large  bodies  which  can  be  reached  only  by  extensive  road 
and  railroad  construction,  and  about  4  billion  feet  is  fairlj-  accessible  to  existing  plants.  The 
greater  part  of  the  spruce  forests  is  in  the  more  easily  logged  portions  of  the  region,  on  the 
lowlands  or  in  the  lower  foothills. 

There  is  estimated  to  be  from  15  to  18  billion  feet  of  Sitka  spruce  in  Alaska,  practically 
all  on  National  Forests,  but  only  about  1  billion  feet  of  this  is  good  enough  in  quality  to  yield 
airplane  lumber.  There  is  also  estimated  to  be  ahout  29  billion  feet  in  British  Columbia, 
probably  not  of  the  highest  quality. 

PRODUCTION  OF  LUMBER 

The  average  annual  cut  of  Sitka  spruce  lumber  from  1913  to  1917  was  288  million  board 
feet,  of  which  three-fourths  was  cut  in  Washington.  In  1917,  14  mills  reported  cuts  of  more 
than  10  million  feet  of  spruce  each,  while  about  30  mills  cut  from  1  to  10  million  feet  each. 
Small  mills  play  a  very  unimportant  part  in  tho  production  of  Sitka  spruce. 

Under  normal  conditions  spruce  is  logged  with  other  species  as  it  comes  in  the  stand. 
With  the  urgent  demand  for  spruce  during  the  war,  however,  the  principle  of  selective  logging 
was  developed  very  generally,  and  special  effort  was  made  to  get  more  spruce,  and  particu- 
larly higher-grade  spruce,  than  would  normally  have  been  obtained.  Because  of  tho  large 
size  of  the  timber  and  the  heavy  stands,  steam  logging  is  in  general  practice,  although  in  the 
selective  logging  animals  were  used  to  some  extent.  Motor  trucks  were  used  in  addition  to 
the  logging  railroads  and  water  transportation  in  bringing  logs  to  the  mills.  Logging  opera- 
tions in  the  spruce  region  are  carried  on  throughout  the  year.  In  this  region  much  of  the 
timber  is  cut  by  logging  companies  that  do  not  operate  sawmills,  but  sell  their  logs  to  sawmills. 


1  It  is  estimated  that  ahout  1,600  million  board  feet  of  the  most  accessible  Sitka  spruce  has  been  cut  since  this  estimate  was  made. 
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.  Most  miUs  saw  logs  of  all  species;  a  few  specialize  on  spruce.  Mills  in  the  spruce  region  have 
a  capacity  considerably  in  excess  of  their  normal  total  cut  of  all  species.  Until  the  demand 
for  straight-grained  material  for  airplanes  developed  during  the  past  few  years,  no  special 
effort  had  been  made  to  saw  that  kind  of  lumber.  The  urgent  demand  for  airplane  material 
during  the  war  led  to  improved  methods  of  sawing,  which  made  it  possible  to  get  the  maximum 
amount  of  straight-grained  lumber  out  of  the  logs. 

Of  the  7  billion  feet  which  will  yield  airplane  lumber,  it  is  estimated  that  20  per  cent  will 
grade  No.  1  logs,  40  per  cent  No.  2.  and  40  per  cent  No.  3.  No.  1  and  No.  2  logs  should  cut 
from  15  to  18  per  cent  of  wing  beam  stock,  and  it  is  estimated  that  on  the  average  the  avail- 
able mature  spruce  will  yield  between  10  and  15  per  cent  of  wing-beam  material.  Of  the  total 
stand  of  Sitka  spruce,  probably  between  7  and  10  per  cent  will  bo  suitable  for  wing  beams. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Sitka  spruco  is  used  for  about  the  samo  purposes  as  the  other  spruces.  Forty  per  cent 
of  the  cut  of  spruco  lumber  of  the  United  States  is  normally  used  for  construction  and  other 
purposes  without  further  manufacture.  Sixty  per  cent  is  manufactured  into  a  largo  variety 
of  products.  Planing  mill  products  consume  26  per  cent.  The  box  and  crate  industry,  which 
uses  mostly  the  lower  grades  of  lumber,  takes  25  per  cent,  Musical  instruments,  which  require 
the  best  material,  especially  for  piano  sounding  boards,  use  2.2  per  cent.  Woodenware  employs 
2.1  per  cent,  and  many  other  industries  use  smaller  quantities. 

Much  of  the  high-grade  Sitka  spruce  lumber  is  normally  shipped  oast  to  the  Central  States, 
and  construction  material  of  this  species  has  very  recently  begun  to  enter  Atlantic  coast 
markets  in  competition  with  eastern  spruce.  Shipments  to  foreign  countries  and  to  California 
markets  usually  go  by  water.  Eastern  shipments  have  gone  by  rail,  but  under  normal  con- 
ditions Atlantic  coast  shipments  will  probably  take  the  water  route. 

EASTERN  SPRUCE. 

RED  SPRUCE  (Picea  ntbens).    WHITE  SPRUCE  (Picea  canadensis). 
Picea  canadensis  is  also  known  as  cat  spruce,  bog  spruce,  and  skunk  spruce. 

DISTRIBUTION. 

Red  spruce  occurs  from  Prince  Edward's  Island,  along  the  St.  Lawrence  Valley  to  central 
New  York  and  Massachusetts,  and  along  the  mountains  as  far  south  as  South  Carolina.  White 
spruce  is  found  in  northern  Now  England,  the  Lake  States,  the  Black  Hills  of  South  Dakota, 
and  Montana,  and  extends  far  to  the  north  in  Canada  and  Alaska.  In  the  United  States,  rod 
spruce  is  commercially  important  in  northern  Maine,  New  Hampshire,  and  Vermont,  and  in 
the  southern  Appalachians  from  West  Virginia  southward.  White  spruco  is  important  chiefly 
in  the  northern  part  of  the  Lake  States. 

USE  IN  AIRCRAFT. 

Rod  and  white  spruce,  with  Sitka  spruce,  aro  the  ideal  woods  for  tho  structural  parts  of 
aircraft,  because  in  them  lightness  and  ease  of  working  aro  combinod  with  great  strength, 
stiffness,  and  freedom  from  hidden  defects.  The  three  species  do  not  greatly  differ  in  strength 
properties,  but  Sitka  spruce  reaches  much  larger  sizes  and,  therefore,  produces  a  larger  pro- 
portion of  cloar  lumber  suitable  for  aircraft.  Spruce  is  used  for  wing  beams,  ribs,  struts, 
longerons,  plywood,  and,  indeod,  for  almost  every  wooden  part  of  aircraft.  Even  though  its 
place  may  be  taken  to  somo  extent  by  other  woods  as  the  supply  of  virgin  spruce  dwindles, 
it  will  undoubtedly  continue  to  bo  a  very  important  aircraft  material  so  long  as  wood  is  used 
for  these  purposes. 

SUPPLY  OF  TIMBER. 

Spruco  occurs  at  medium  or  high  elevations,  and  in  the  northern  part  of  its  range  it  occu- 
pies lowlands  also.  In  many  places  it  forms  extensive,  pure  or  nearly  pure,  dense  stands, 
especially  in  the  more  mountainous  parts  of  its  range.    In  other  places  it  is  found  in  mixed 
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stands,  with  northern  hardwoods  (birch,  maple,  beech,  and  ash),  as  woll  as  balsam,  hemlock, 
tamarack,  arbor  vitoe,  or  even  white  and  Norway  pines.  Over  large  areas,  spruce  makes  up 
from  half  to  three-fourths  of  the  total  stand.  In  the  southern  Appalachians  spruce  is  confined 
to  the  higher  mountains.  The  southern  Appalachian  section  was  not  opened  up  until  a  com- 
paratively recent  date,  but  the  spruce  stands  there  are  now  being  tapped  by  railroads  and 
most  of  the  better-grade  spruce  will  soon  bo  accessible  to  mills.  The  spruce  in  the  Northeast 
must  bo  transported  to  the  mills  principally  on  drivable  streams.  Although  the  topograpby 
of  the  region  is  such  that  the  greater  part  of  the  lumber  is  accessible  to  such  streams,  still 
certain  large  areas  aro  somewhat  out  of  the  way. 

The  northeastern  spruce  doos  not  reach  large  size.  While  diameters  of  from  2  to  3  feet 
are  not  uncommon,  a  great  many  of  the  trees  in  mature  stands  have  diameters  between  12 
and  18  inches.  The  southern  spruce  averages  considerably  larger  than  that  of  the  North.  It 
is  doubtful  whether  the  Lake  States  spruce  will  be  used  to  a  large  degree  for  airplane  lumber. 
The  proportion  of  clear  material  produced  is  not  large,  and  much  of  it  is  in  short  lengths. 

The  total  stand  of  spruce  saw  timber  in  the  eastern  United  States,  excluding  the  Lake 
States,  is  approximately  14*  bdlion  board  feet.  This  estimate  does  not  include  trees  less  than 
10  inches  in  diameter,  and  in  some  States  does  not  include  those  less  than  12  inches.  Maine 
has  approximately  7j  billion  feet,  New  Hampshire  2  billion,  Vermont  200  million,  New  York 
between  3  V  and  4  billion,  North  Carolina  and  Tennessee  950  million,  West  Virginia  and  Virginia 
390  million.  Practically  all  of  the  old-growth  spruce,  as  well  as  a  large  part  of  the  second 
growth,  is  owned  in  large  units  by  land,  lumber,  or  pulp  companies. 

PRODUCTION  OF  LUMBER. 

During  the  years  1913  to  1917,  the  average  annual  cut  of  spruce  lumber  in  the  Northeast 
and  the  southern  Appalachians  was  a  little  less  than  725  million  board  feet,  of  which  360  million 
was  sawed  in  Maine,  65  million  in  Vermont,  70  million  in  New  Hampshire,  25  million  in  Massa- 
chusetts, 45  million  in  New  York,  105  million  in  West  Virginia,  and  50  million  in  North  Caro- 
lina. While  there  is  considerable  fluctuation  in  the  lumber  cut  from  year  to  year,  due  partly 
to  labor  and  weather  conditions  and  partly  to  variation  in  the  demand  for  spruce  pulpwood, 
the  general  trend  indicates  a  reduction  in  the  cut  of  spruce  lumber. 

For  the  )rear  1917,  14  mills  in  Maine,  5  in  West  Virginia,  4  in  North  Carolina,  and  1  each  in 
New  Hampshire,  Vermont,  and  New  York  reported  cuts  of  between  5  and  25  million  feet  of 
spruce,  and  1  mill  in  Maine  and  1  in  West  Virginia  reported  moro  than  25  million  feet.  About 
90  mills,  most  of  them  in  Maine,  New  Hampshire,  and  Vermont,  cut  between  500  thousand 
and  5  million  board  feet.  While  most  of  the  spruce  mills  cut  lumber  of  other  species,  spruce 
forms  the  major  part  of  the  cut  of  most  of  the  larger  mills.  Existing  mills,  if  they  were  run 
to  capacity,  could  saw  from  three  to  five  times  as  much  spruce  as  they  now  cut. 

In  the  Northeast,  most  of  the  logging  is  done  in  winter.  Logs  are  hauled  out  to  drivable 
streams  by  animals  or  steam  log  haulers.  In  the  South  operations  are  carried  on  throughout 
the  year.  In  this  region,  both  steam  and  animal  logging  is  carried  on,  and  logs  are  transported 
to  the  mills  by  railroad.  Most  operators  cut  spruce  both  for  lumber  and  for  pulp.  Many  of 
them  saw  only  the  best  logs  into  lumber  and  let  the  small  and  inferior  material  go  into  pulp. 
During  the  past  few  years  nearly  all  of  the  mill  operators  that  cut  any  considerable  quantity 
of  spruce  lumber  have  become  familiar  with  the  character  of  material  required  for  aircraft  and 
with  the  best  methods  of  sawing  it. 

It  is  estimated  that  about  3.4  per  cent  of  the  spruce  in  Maine  (12  inches  in  diameter  and 
upward)  will  be  suitable  for  airplane  construction.  Slightly  more  than  5  per  cent  of  the  New 
Hampshire  and  Vermont  spruce,  a  little  less  than  5  per  cent  of  that  in  New  York,  and  from  8 
to  8.2  per  cent  of  that  in  the  southern  mountains  will  be  suitable  for  airplanes.  These  figure? 
do  not  in  all  cases  represent  what  is  being  produced  at  the  present  time,  because  in  some 
instances  mills  are  now  cutting  material  from  the  choicest  parts  of  their  tracts. 
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MARKETS  AND  USES  FOR  THE  LUMBER. 

Spruce  lumber  is  used  in  large  quantities  for  general  construction  purposes  and  by  indus- 
tries manufacturing  wooden  products.  As  is  stated  in  the  chapter  on  Sitka  spruce,  these  indus- 
tries use  60  per  cent  of  the  spruce  lumber  cut  in  the  United  States.  High-grade  spruce  lumber 
is  in  great  demand  for  piano  sounding  boards,  for  clapboards,  and  similar  uses,  and  in  shorter 
lengths  for  butter  tubs.  Eastern  spruce  is  marketed  mostly  in  the  North  and  East  and,  conse- 
quently, does  not  have  to  cany  heavy  transportation  charges.  On  account  of  the  higher 
value  of  spruce  stumpage  in  the  East,  together  with  such  other  factors  as  the  larger  percentage 
of  upper  grades  sawed  from  Sitka  spruce,  the  spruce  from  the  Northwest  is  now  competing 
with  the  native  lumber  even  on  the  New  England  market. 

Some  10  to  15  million  feet  of  eastern  spruce  lumber  is  exported  in  normal  times,  chiefly 
to  the  countries  of  western  Europe. 

DOUGLAS  FIR. 

(Pseurlolsuga  ttui folia.) 

This  species  is  also  known  as  red  fir,  yellow  fir,  Oregon  pine,  red  pine,  and  Dougfaa  sprnce. 

DISTRIBUTION. 

Douglas  fir  occurs  through  most  of  the  forests  from  the  Rocky  Mountains  to  the  Pacific 
coast,  and  from  Mexico  to  central  British  Columbia.  Only  the  stands  west  of  the  Cascade 
Range,  from  northern  California  to  British  Columbia,  contain  any  considerable  proportion  of 
material  suitable  for  aircraft  construction,  and,  therefore,  only  the  fir  from  this  region  is  covered 
in  the  following  discussion. 

USE  IN  AIRCRAFT. 

Douglas  fir  is  a  very  satisfactory  substitute  for  spruce  in  making  wing  beams,  longerons, 
struts,  and  engine  bearers,  and  has  been  so  used  to  a  considerable  extent.  While  somewhat 
heavier  than  spruce,  and  more  liable  to  check  and  shake  during  manufacture  and  in  sendee, 
in  its  strength  properties  it  is  equal  or  superior  to  spruce  of  the  same  sizes.  The  enormous 
supply  available,  the  laigc  proportion  of  high-grade  material,  and  the  high  degree  of  develop- 
ment reached  by  the  lumber  industry  in  the  Douglas  fir  region  make  this  species  an  important 
source  of  airplane  material. 

SUPPLY  OF  TIMBER. 

Douglas  fir  is  the  predominant  tree  through  most  of  the  forest  area  west  of  the  Cascade 
Range  in  Oregon  and  Washington,  and  in  many  places  it  covers  extensive  areas  practically 
to  the  exclusion  of  other  species.  It  forms  very  heavy  stands,  averaging  from  30  to  60  thousand 
board  feet  per  acre  over  large  tracts,  and  reaches  large  sizes.  The  trees  in  virgin  stands  average 
from  3  to  6  feet  hi  diameter  and  from  150  to  200  feet  hi  height,  and  many  arc  much  larger. 
While  the  species  grows  from  sea-level  up  to  6,000  feet  elevation,  the  stands  of  better  quality 
that  will  yield  a  fair  proportion  of  aircraft  material  are  mostly  below  3,000  feet  and  offer  no 
ohstaclcs  to  logging  operations.  Large  bodies  of  timber  are  accessible  to  existing  mills  and 
others  will  be  opened  up  as  they  are  needed.  The  stand  of  Douglas  fir  timber  in  the  region 
under  consideration  is  estimated  at  approximately  600  billion  board  feet,  of  which  60  per  cent 
is  in  Oregon  and  40  per  cent  in  Washington.  Of  this,  100  billion  feet  is  on  the  national  forests, 
30  billion  on  State  and  Indian  lands,  and  470  billion  in  private  holdings,  for  the  most  part  in 
largo  tracts. 

PRODUCTION  OF  LUMBER. 

The  annual  cut  of  Douglas  fir  lumber  in  the  United  Statos,  from  1913  to  1917,  inclusive, 
has  averaged  5,150  million  board  feet,  and  is  steadily  increasing.  The  southern  yellow  pine 
forests,  which  now  furnish  the  great  bulk  of  the  country's  construction  material,  have  passed 
the  crest  of  their  production,  and  the  Douglas  fir  region  will  soon  be  called  upon  for  an  increasing 
production  to  fill  the  gap.    Ninety-five  per  cont  of  the  cut  comes  from  Oregon  and  Washington, 
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and  more  than  80  per  cent  of  this,  or  approximately  4  billion  feet,  from  west  of  the  Cascades. 
All  but  a  comparatively  insignificant  part  of  this  is  produced  bjr  large,  well-equipped,  up-to-date 
mills,  of  which  there  are  about  180.  Their  rated  capacity  on  a  one-shift  basis  is  between  9  and 
10  billion  board  feet  a  year  or,  allowing  for  other  species  cut  along  with  the  fir,  about  double 
their  present  output. 

Because  of  the  large  sizes  of  the  timber,  steam  logging  and  railroad  hauls  are  the  rule. 
Logs  are  ordinarily  cut  from  32  to  40  feet  long.  Stands  are  generally  cut  clear  of  all  merchant- 
able material,  taking  all  species  as  they  come.  Operations  are  continued  throughout  the  year. 
Many  logging  companies  have  no  mill  connections  but  sell  their  logs  to  sawmills. 

Under  normal  conditions  no  particular  effort  is  made  to  saw  out  straight-grained  lumber. 
The  demand  for  such  material  during  the  past  two  years  led  to  the  development  of  methods 
for  producing  it,  and  these  will  no  doubt  be  continued  and  improved  upon  if  the  demand 
continues. 

Under  present  standards  most  of  the  airplane  material  will  come  from  the  grades  No.  2 
clear  and  better.  The  percentage  of  the  cut  in  these  grades  varies  with  different  stands,  but 
for  the  region  averages  about  20  per  cent.  It  is  estimated  that  half  of  this  lumber  will  not  be 
suitable  for  aircraft,  on  account  of  low  density,  pitch  pockets,  and  a  little  spiral  grain.  The 
other  half,  or  10  per  cent  of  the  total  cut  of  4  billion  feet,  should  be  suitable  for  aircraft,  and 
probably  60  per  cent  of  that,  or  6  per  cent  of  the  total  cut,  will  meet  present  standards  for 
wing  beams. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Of  the  total  cut  of  Douglas  fir  lumber,  approximately  45  per  cent,  including  most  of  the 
better-grade  material,  is  further  manufactured.  The  greater  part,  40  per  cent  of  the  cut, 
goes  into  flooring,  interior  finish,  sash  and  doors,  and  other  planing  mill  products.  Between 
15  and  20  per  cent  of  all  wood  used  for  these  purposes  in  the  United  States  is  Douglas  fir.  Of 
the  total  cut,  1.8  per  cent  goes  into  tanks  and  silos,  1.7  per  cent  into  cars,  and  0.9  per  cent  into 
ships  and  boats.  Considerable  quantities  are  used  for  pumps  and  pipe,  furniture,  boxes  and 
crates,  fixtures,  paving,  rollers,  agricultural  implements,  and  woodenware. 

Douglas  fir  is  being  sold  in  increasing  quantities  in  the  eastern  United  States.  It  has 
for  a  number  of  years  been  exported  in  considerable  quantities  to  South  America,  China,  and 
Australia,  and  to  a  very  limited  extent  to  European  countries. 

PORT  ORFORD  CEDAR. 

(Chamaecyparis  lawsoniana.) 
This  species  is  also  known  as  Lawson  cypress,  Oregon  cedar,  and  white  cedar. 

DISTRIBUTION. 

Stands  of  Port  Orford  cedar  of  commercial  importance  arc  confined  to  a  strip  from  20  to  25 
miles  wide  along  the  Pacific  coast  in  Coos  and  Curry  Counties,  Oreg.  Scattcicd  individuals  are 
reported  as  far  south  as  the  Klamath  River  and  Mt.  Shasta,  in  California. 

USE  IN  AIRCRAFT. 

While  somewhat  heav'er  than  Sitka  spruce,  Port  Orford  cedar  is  equal  or  supeiior  to  spruce 
in  all  its  strength  properties,  and  has  been  successfully  used  as  a  substitute  for  spruce  in  making 
wing  beams  and  for  other  uses  to  which  spruce  is  adapted.  While  this  species  is  satisfactory 
for  aircraft  use,  the  limited  supply  and  small  annual  output  indicate  that  it  will  probably  not 
play  a  very  important  part  in  the  future  development  of  the  airplane  industry. 

SUPPLY  OF  TIMBER. 

Port  Orford  cedar  docs  not  grow  in  pure  stands,  but  is  scattered  through  forests  of  Douglas 
fir,  hemlock,  grand  fir,  and  western  red  cedar.    It  usually  comprises  from  25  to  30  per  cent  of 
the  stand.    Trees  of  this  species  reach  very  large  size.    Practically  all  of  the  standing  Port 
Orford  cedar  is  virgin  timber,  and  fairly  accessible  to  existing  mills.    The  stand  is  estimated 
153215— S.  Doc.  166,  W-'J  *29 
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at  about  750  million  foot,  of  which  250  million  feet  is  on  the  Siskiyou  National  Forest,  and  the 
remaining  500  million  feet,  about  equally  divided  between  Coos  and  Curry  Counties,  is  pri- 
vately owned.    Most  of  this  is  in  the  hands  of  a  small  number  of  large  firms. 

PRODUCTION  OF  LUMBER. 

The  total  cut  of  Pot  t  Orford  cedar  in  19,17  was  about  35  million  board  feet,  which  is  probably 
about  the  average  annual  production.  The  bulk  of  it  is  cut  by  one  firm  and  only  four  mills  cut 
more  than  one  million  feet  each.  Cedar  is  ordinarily  cut  as  it  comes  in  the  stand,  and  makes  up 
about  28  per  cent  of  the  total  cut  of  the  mills  which  produce  it.  Existing  plants,  if  run  to  full 
capacity  on  a  one-shift  basis,  could  cut  approximately  25  per  cent  more  than  they  did  in  1917. 

Logging  is  by  steam,  and  log  lengths  of  from  32  to  40  feet  are  commonly  cut.  During  the 
drive  for  wing-beam  material  for  the  war,  sawing  methods  adapted  to  the  maximum  production 
of  straight-grained  material  were  used;  but,  since  straightness  of  grain  is  not  one  of  the  main 
considerations  in  cutting  lumber  for  most  commercial  uses,  it  is  possible  that  no  special  effort 
will  be  made  to  produce  that  kind  of  material  in  the  future. 

About  20  per  cent  of  the  cut  falls  in  the  clear  grades  (No.  1  and  No.  2),  and  it  is  estimated  that 
60  per  cent  of  this  or  12  per  cent  of  the  total  cut,  is  of  airplane  grade.  The  other  40  per  cent 
will  be  disqualified  on  account  of  low  density,  spiral  grain,  or  other  defects. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

The  upper  grades  of  Port  Orford  cedar  are  used  for  interior  finish,  caskets,  and  boat  build- 
ing. The  lower  grades  go  into  general  construction.  Much  of  the  output  is  normally  used  on 
the  Pacific  coast,  and  some  is  exported  to  Japan. 

FIR. 

GRAND  FIR  (Abies  grandis). 
This  species  is  also  known  as  lowland  white  fir,  white  fir,  Oregon  white  fir,  and  silver  fir. 

SILVER  FIR  (Abies  amabilis). 
This  species  is  also  known  as  lovely  fir,  amabilis  fir,  red  fir,  red  silver  fir,  and  larch. 

NOBLE  FIR  (Abies  nobilis). 
This  species  is  also  known  as  larch,  and  red  fir. 

WHITE  FIR  (Abies  concolor). 
This  species  is  also  known  as  California  white  fir,  Colorado  white  fir,  balsam,  and  silver  fir. 

DISTRIBUTION. 

Grand  fir  occurs  along  the  Pacific  coast  and  along  the  Cascade  range  from  Vancouver 
Island  to  northern  California,  and  extends  into  northern  Idaho  and  northwestern  Montana. 
Silver  fir  occurs  on  the  upper  slopes  of  the  Cascade  and  Coast  Ranges  from  British  Columbia 
to  central  Oregon,  and  is  most  abundant  in  the  Olympic  Mountains  of  Wasliington.  Noble 
fir  also  occurs  on  tho  Coast  Ranges  of  Wasliington  ami  Oregon,  and  along  the  Cascades  of  northern 
Oregon  and  southern  Washington.  Tho  range  of  white  fir  extends  from  tho  Rocky  Mountains 
of  southern  Colorado  to  northern  Oregon,  and  southward  through  California  to  New  Mexico, 
Arizona,  and  northern  Mexico.  It  is  of  largo  commercial  importance  only  in  the  Sierra  region 
of  California. 

USE  IN  AIRCRAFT. 

Grand  fir  is  somewhat  heavier  than  spruce,  but  in  strength  compares  favorably  with  it. 
Silvor  fir  is  also  slightly  heavier  than  spruce,  but  practically  equal  to  it  in  most  of  its  strength 
properties.  Noble  fir  is  lighter  than  spruce,  and  about  as  strong.  White  fir  is  a  little  lighter 
than  spruce,  and  almost  as  strong,  except  in  shock  resistance.  While  the  firs  have  not  so  far 
been  used  to  any  extent  in  airplane  construction,  at  least  the  first  threj  species  named  may 
prove  to  be  fairly  satisfactory  substitutes  for  spruce  in  making  wing  beams  and  struts.  As  far 
as  present  information  shows,  the  other  firs  aro  not  strong  enough  for  such  use.  Because  of 
their  light  weight,  however,  tho  firs  are  suitable  for  core  work  in  producing  plywood. 
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SUPPLY  OF  TIMBER. 

The  firs  usually  occur  in  mixed  coniferous  forests,  although  in  some  situations  they  form 
practically  pure  stands  over  considerable  areas.  Associated  spocios  in  the  northwest  coast 
region  are  Douglas  fir,  westorn  hemlock,  western  red  cedar,  Sitka  spruce.  In  the  Montana- 
Idaho  region  tho  stands  include  western  white  pine,  Douglas  fir,  western  red  codar,  western 
larch,  wostem  yellow  pine,  western  hemlock.  The  white  fir  in  the  Sierra  region  is  associated 
with  western  yollow,  Jeffrey,  and  sugar  pines,  Douglas  fir,  red  fir,  incense  codar,  and  occasionally 
with  tho  bigtroo.  Grand  fir  occurs  chiefly  at  low  and  medium  elevations,  and  thero  it  can  con- 
veniently bo  logged  along  with  Douglas  fir  and  its  other  associates.  Silver  fir  is  a  tree  of  the 
higher  slopes,  and  vory  little  of  it  can  be  considered  accessible  under  prosent  conditions.  The 
samo  is  true,  but  to  a  somewhat  less  extent,  of  noble  fir.  White  fir  grows  in  rough  mountain 
country,  and  much  of  it  is  hard  to  get  at.  It  is  commonly  taken  when  found  on  tracts  that  are 
being  cut  over  primarily  for  other  species. 

Tho  total  stand  of  grand  fir  is  estimated  at  about  13 J  billion  board  feet,  of  which  nearly 
5  billion  feet  is  in  Washington,  4  billion  feet  in  Oregon,  and  -U  billion  feet  in  Idaho  and  Montana. 
Two-thirds  of  it  is  owned  by  tho  Government,  principally  on  National  Forests;  the  rest  is  owned 
by  lumber  and  timber  companies.  It  is  estimated  that  thero  is  35  billion  feet  of  silver  fir,  and 
that  32  billion  feet  of  it  is  in  Washington,  owned  about  half-and-half  by  tho  Government  and 
by  private  companies.  Of  the  4  billion  feet  of  noble  fir,  two-thirds  s  owned  by  the  Government 
and  one-third  by  private  concerns.  Three  billion  foot  of  it  is  in  Oregon.  There  is  about  35 
billion  feet  of  white  fir  in  California,  5  billion  feet  in  Oregon,  and  possibly  1 J  billion  feet  scattered 
in  other  States.  About  half  of  it  is  on  the  National  Forests  and  the  other  half  is  in  tbo  hands  of 
large  private  owners. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  all  species  classed  as  "white  fir,"  which  includes  the  four  species 
under  discussion,  as  woll  as  red  fir  (Abies  magnified  and  A.  shastensis)  and  alpine  fir  (A.  lasio- 
carpa),  was  about  110  million  feet  a  year  up  to  1916.  Of  this  it  is  estimated  that  approximately 
45  million  feet  each  were  white  fir  and  grand  fir,  and  between  5  and  10  million  feet  each  noble 
fir  and  silver  fir.  With  rising  prices,  which  made  it  possible  to  log  more  of  tho  fir,  tho  cut  rose 
in  1916  to  about  190  million  feet,  and  slightly  exceeded  that  amount  in  1917.  The  cut  of  grand 
fir  is  estimated  to  be  now  about  61  million  feet,  of  which  53  million  comes  from  northern  Idaho 
and  adjacent  parts  of  Montana  and  Washington;  that  of  silver  fir  is  judged  to  bo  about  S  million 
feet,  all  in  Washington;  that  of  noble  fir,  6  million  feet,  cut  by  one  firm;  and  that  of  white  fir, 
approximately  100  million  feet,  of  which  87  million  feet  is  cut  in  California  and  11  million  feet 
in  Oregon. 

The  greater  part  of  this  lumber,  probably  at  loast  90  per  cent  of  it,  is  produced  by  large 
mills,  which  cut  fir  only  incidentally  as  it  comes  in  tho  run  of  logs.  Thirty  mills  report  cuts  for 
1917  of  between  1  and  5  million  foot  of  fir,  and  11  report  cuts  in  oxcoss  of  5  million  feot. 

Steam  logging  is  vory  general  in  the  fir  region,  and  nearly  all  operators  use  logging  railroad's 
In  tho  northwest  coast  region  logs  are  cut  long,  while  in  tho  northern  Idaho  region  and  in  the 
Sierras  16-foot  lengths  are  the  rule. 

Since,  with  tho  excoption  of  tho  noble  fir,  the  logs  make  only  relatively  low-grade  material, 
littlo  care  is  used  at  most  mills  in  sawing  them  up.  Tho  percentago  of  clear  material  that  can 
be  obtained  varies  rathor  widely  in  difforont  localities.  The  best  available  estimates  indicate 
that  about  1  per  cent  of  the  white  fir  and  grand  fir,  from  1  to  2  per  cent  of  tho  silver  fir,  and 
10  per  cent  of  the  noble  fir  will  bo  suitable  for  airplane  construction. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

The  great  bulk  of  the  fir  lumber  produced  is  used  in  construction  work  without  further  man- 
ufacture. The  best  material  is  made  into  flooring,  sash,  doors,  interior  finish,  and  shelving. 
The  box  and  crate  industry  uses  a  small  percentage  of  tho  output.  Wlide  some  fir  lumber  may 
reach  eastern  markets  along  with  shipments  of  Douglas  fir  and  western  pine,  by  far  the  greater 
part  of  it  is  used  in  the  West. 
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WHITE  PINE. 

(Pirrns  slrobxis.) 

This  species  is  also  known  as  Weymouth  pino,  northern  pine,  spruce  pine,  nnd  soft  pine. 

DISTRIBUTION. 

White  pine  occurs  from  Newfoundland  to  Lake  Winnipeg,  and  southward  through  the 
Lake  States,  the  New  England  States,  and  in  the  Appalachians  as  far  south  as  northern  Georgia. 

.     USE  IN  AIRCRAFT. 

Although  somewhat  softer,  less  shock-resistant,  and  less  stiff  than  spruce,  white  pine 
is  comparatively  strong  and  light,  uniform  in  structure,  easy  to  dry  and  work,  and  stavs  in 
place  well.  It  is  a  fairly  satisfactory  substitute  for  spruce  in  making  wing  beams  and  for 
other  uses,  and  has  been  so  employed.  Because  of  its  lightness,  it  makes  excellent  cores  for 
plywood.  Norway  (or  red)  pine  (Pinus  resinosa),  which  is  cut  and  marketed  along  with  white 
pine  in  the  northern  part  of  its  range,  may  also  be  used  as  a  spruce  substitute. 

The  remaining  supply  of  virgin  white  pine  is  fast  disappearing;  and,  since  very  little  wing 
beam  material  can  be  obtained  from  second-growth,  this  species  will  not  long  continue  to  be 
an  important  airplane  wood,  except  possibly  for  plywood. 

SUPPLY  OF  TIMBER. 

Pure  stands  of  white  pine  or  mixed  stands  of  white  and  Norway  pine  still  cover  extensive 
areas  in  Minnesota.  Other  areas  are  covered  with  mixed  stands  of  pine,  hardwoods,  and  hem- 
lock, in  which  pine  may  or  may  not  be  the  predominant  species.  There  are  practically  no  virgin 
pine  stands  left  in  the  Northeast.  Most  of  the  pine  in  this  region  is  now  in  small  tracts,  many 
of  which  ire  pure  pine,  while  others  contain  pine  in  various  mixtures.  While  these  stands  are 
frequently  heavy,  they  contain  very  little  clear  material  suitable  for  wing  beams  and  similar 
uses.  The  virgin  white  pino  in  the  Appalachian  region  is  now  chiefly  in  the  South,  from  West 
Virginia  southward.  In  this  region  it  occurs  scattered  through  mixed  hardwood  and  hemlock 
stands,  and  its  average  quality  is  not  so  high  as  is  that  of  the  pine  in  the  Lake  States.  Virgin 
white  pine  averages  3  feet  and  more  in  diameter  and  J  00  feet  or  more  in  height. 

Only  the  supply  of  virgin  timber  need  be  considered  in  discussing  wood  suitable  for  aircraft 
construction.  This  is  roughly  estimated  at  12  billion  board  feet,  of  which  10  billion  feet 
(25  per  cent  of  it  Norway  pine)  is  in  the  Lake  States  (chiefly  in  northern  Minnesota),  and 
2  billion  feet  in  the  southern  Appalachians.  It  is  practically  all  on  large  tracts  owned  by  land 
and  lumber  companies,  and  most  of  it  is  accessible  and  available  for  existing  mills. 

PRODUCTION  OF  LUMBER. 

From  1913  to  1917,  the  average  annual  cut  of  white  pine  lumber  was  nearly  2,100  million 
feet,  as  against  an  average  of  about  3,500  million  feet  during  1907  to  1912.  The  white  pine 
cut  has  been  steadily  falling  off  for  a  number  of  years  as  the  supplies  of  virgin  timber  have 
become  more  nearly  exhausted.  It  may  be  expected  to  continue  to  fall  rapidly  until  the  few 
billion  feet  left  in  Minnesota  are  cut,  after  which  a  fairly  constant  amount  will  be  cut  each 
year  from  second-growth  stands. 

Of  the  present  cut,  a  little  more  than  half,  or  about  1,200  million  feet,  comes  from  virgin 
timber.  About  900  million  feet  of  this  is  cut  in  Minnesota,  210  million  feet  in  Wisconsin  and 
Michigan,  and  75  million  feet  in  the  southern  Appalachians.  Small  amounts  of  virgin  white 
pine  are  cut  in  Maine,  Pennsylvania,  and  New  York.  Ninety  per  cent  of  the  virgin  pine  is 
sawed  by  large  mills,  a  number  of  which  cut  25  million  feet  or  more  a  year.  Fourteen  mills  in 
Minnesota  and  one  in  Wisconsin  reported  cuts  of  this  size  in  1917.  Those  mills  cut  white  and 
Norway  pines  principally;  some  of  them  cut  little  of  any  other  species.  In  the  South,  white 
pine  usually  forms  only  a  minor  part  of  the  cut  of  the  mills  that  produce  it.  The  second- 
growth  pine  of  the  Northeast  is  almost  entirely  cut  by  small  stationary  or  portable  mills. 
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Some  350  operators  in  New  England  reported  cuts  in  1917  of  between  500  thousand  and 
5  million  feet,  and  only  six  reported  cuts  in  excess  of  5  million  feet.  Lake  States  mills  have  a 
total  capacity  far  in  excess  of  their  present  output. 

Logging  in  the  Lake  States  pine  region  is  mostly  done  in  the  winter,  since  surface  con- 
ditions favor  hauling  when  the  ground  is  frozen.  In  the  Appalachians  logging  is  carried  on 
throughout  the  year.  Most  operators  use  animals,  and  cut  few  logs  more  than  16  feet  long, 
except  of  Norway  pine,  which  is  frequently  cut  18  and  20  feet  long.  The  larger  operators  use 
logging  railroads. 

Straight  grain  is  a  characteristic  of  white  pine,  and  little  effort  is  necessary  to  produce 
material  of  that  quality.  It  is  estimated  that  85  per  cent  of  the  material  graded  B  Select  and 
better,  or  from  50  to  60  per  cent  of  that  graded  D  Select  and  better,  will  be  suitable  for  air- 
plane use.  In  the  Lake  States  region  about  14  per  cent  of  the  cut  from  old  stands  is  D  and 
better,  which  would  make  from  7  to  8£  per  cent  of  the  cut  suitable  for  aircraft,  if  it  were  cut 
in  the  proper  sizes.  In  the  Appalachians  probably  not  more  than  4  per  cent  of  the  cut  woidd 
be  satisfactory. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

White  pine,  once  the  most  widely  used  lumber  in  the  United  States  for  general  construction 
and  other  purposes,  has  come  to  be  more  and  more  a  wood  for  special  uses,  and  only  a  very  small 
part  of  the  cut  is  now  used  in  its  rough  form.  Half  of  the  total  cut  goes  into  planing  mill 
products — sash,  doors,  blinds,  siding,  and  similar  articles,  which  require  fairly  high-grade 
material.  Nearly  two-fifths  is  used  by  the  box  and  crate  industry,  which,  at  least  until  the 
last  few  years,  used  white  pine  more  than  any  other  wood.  This  industry  uses  chief!}7  low-grade 
lumber.  Considerable  quantities  of  upper-grade  white  pine  are  used  not  only  in  ship  and  boat 
building,  but  also  for  patterns,  tanks,  silos,  furniture,  and  musical  instruments.  Upper  grades 
of  Norway  pine  go  into  planing  mill  products,  ladders,  and  cars. 

White  pine  reaches  a  somewhat  extended  market;  but,  now  that  it  is  largely  used  by  manu- 
facturing industries,  a  great  part  of  it  is  sold  in  the  Northern  and  Eastern  States.  Facilities 
for  shipping  are  good,  for  most  of  the  large  mills  are  so  located  as  to  be  able  to  transport  their 
output  either  by  rail  or  by  water. 

WESTERN  WHITE  PINE. 

(Pin.ua  montkola.) 

This  species  is  also  known  as  Idaho  white  pine,  mountain  pine,  and  silver  pine. 

DISTRIBUTION. 

While  the  range  of  this  species  extends  from  southern  British  Columbia  to  western  Montana 
and  south  along  the  Cascades  and  Sierras  to  central  California,  the  region  of  its  great  commer- 
cial importance  is  in  the  Panhandle  of  Idaho  and  in  adjacent  parts  of  Montana  and  Washington. 

USE  IN  AIRCRAFT. 

While  slightly  heavier  than  spruce,  western  white  pine  compares  very  well  with  it  in  all 
strength  properties  except  hardness.  It  makes  a  fairly  satisfactory  substitute  for  spruce  for 
wing  beams  and  similar  uses.  It  is  also  a  good  material  for  plywood  cores  because  of  its  com- 
parative lightness.  However,  because  of  the  relatively  small  percentage  of  the  cut  that  is 
available  for  airplane  use,  and  because  of  the  abundance  of  other  woods  suitable  for  the  same 
purpose,  it  is  likely  that  western  white  pine  under  normal  conditions  will  not  be  a  very  impor- 
tant source  of  material  for  the  manufacture  of  aircraft. 

SUPPLY  OF  TIMBER. 

Western  white  pine  occasionally  appears  in  pure  or  almost  pure  stands  on  limited  areas, 
but  is  more  commonly  found  in  mixture  with  western  hemlock,  western  red  cedar,  western 
larch,  Douglas  fir,  grand  fir,  and  lodgepole  pine.  In  the  region  of  its  best  development  it  occurs 
at  low  and  middle  elevations,  but  in  the  coast  region  it  is  more  a  tree  of  the  higher  elevations, 
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where,  however,  it  usually  constitutes  only  a  very  insignificant  proportion  of  the  stand.  The 
tree  readies  a  fairly  large  size,  with  diameters  frequently  in  excess  of  5  feet  and  heights  from 
100  to  150  feet  at  maturity.    Larger  sizes  are  not  uncommon. 

Logging  conditions  are  not  equally  favorable  everywhere  in  the  white-pine  territory,  and  a 
large  portion  of  the  stand  as  yet  is  somewhat  inaccessible,  but  it  is  estimated  that  from  15  to  20 
per  cent  of  the  stand  is  available  to  existing  mills. 

The  total  stand  has  been  estimated  at  about  29  billion  feet,  of  which  6\  billion  feet  is  on 
National  Forests,  3  billion  feet  is  owned  by  the  States  (principally  Idaho),  and  191  billion  feet  is 
held  by  private  interests,  mostly  in  large  holdings  of  lumber  companies  or  railroads.  The  greater 
part  of  this  is  in  northern  Idaho  and  the  northeast  corner  of  "Washington. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  western  white  pine  between  1913  and  1917  was  350  million  feet, 
and  the  general  tendency  indicates  a  slight  increase,  except  that  abnormal  conditions  during  the 
past  two  years  have  caused  production  to  fall  ofT.  About  80  per  cent  of  the  cut  is  normally 
made  in  Idaho,  and  15  per  cent  in  Washington.  Ninety  per  cent  of  the  total  is  cut  by  large, 
well-equipped  mills,  nearly  all  of  which  saw  associated  species  as  well  as  pine.  About  30  per 
cent  of  their  total  cut  is  white  pine.  The  capacity  of  existing  mills  would  allow  nearly  double 
the  present  cut. 

The  logging  season  usually  lasts  from  six  to  eight  months,  being  limited  by  the  deep  snows 
which  fall  in  much  of  the  region.  Logs  are  usually  cut  16  feet  or  less  in  length.  The  majority 
of  operators  use  animal  logging,  but  a  few  large  concerns  log  by  steam.  Logs  are  either  driven 
to  the  mills  or  carried  by  rail.  "While  no  attempt  is  usually  made  to  saw  straight-grained  mate- 
rial, most  of  the  larger  operators  have  become  familiar  with  the  requirements  for  airplane 
material  during  the  war,  and  can  saw  it  if  it  is  in  demand. 

Most  of  the  airplane  material  will  come  from  the  clear  grades  of  lumber.  The  grading 
rules  allow  a  few  small  knots  in  these  grades,  and  probably  these  defects,  together  with  crooked 
grain  and  low  density,  would  caxise  the  rejection  of  a  small  proportion  of  the  upper-grade  mate- 
rial. It  is  estimated  that  an  average  of  from  2  to  3  per  cent  of  the  cut  of  western  white  pine 
would  be  suitable  for  aircraft  construction. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Western  white  pine  is  used  for  about  the  same  purposes  as  eastern  white  pine.  The  upper- 
grade  lumber  is  largely  employed  for  sash,  doors,  interior  finish,  and  similar  purposes,  and  is 
marketed  to  a  large  extent  in  the  agricultural  States  to  the  east.  A  little  of  it  goes  as  far  as 
the  Atlantic  coast.  Lower-grade  lumber  is  used  in  building  and  for  boxes  and  crates,  for  which 
there  is  a  good  demand  in  the  white-pine  section  and  adjacent  regions. 

SUGAR  PINE. 

(Pinns  lambertiana.)  • 
DISTRIBUTION. 

Sugar  pine  occurs  on  the  Coast  ranges  of  southern  Oregon  and  northern  California  and 
along  the  southern  Cascades,  the  west  slopes  of  the  Sierras,  and  in  lower  California.  It  is  most 
abundant  and  of  best  development  in  the  Sierras. 

USE  IN  AIRCRAFT. 

Sugar  pine  is  low  in  shock  resisting  ability  and  in  the  quality  of  stiffness,  and  it  varies 
widely  in  its  strength  properties.  It  is  not,  therefore,  well  adapted  for  wing  beams  or  other 
parts  of  aircraft  where  great  strength  is  a  requisite.  Being  soft,  light,  and  easy  to  work,  it  may 
be  used  in  less  critical  parts,  particularly  for  plywood  cores.  Since,  however,  it  is  likely  that 
spruce  and  other  species  cut  for  wing  beams  will  yield  a  large  supply  of  suitable  small-sized 
material,  sugar  pine  may  never  become  very  important  for  airplane  uses. 
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SUPPLY  OF  TIMBER. 

Sugar  pine  never  occurs  in  extensive  pure  stands,  but  is  scattered  through  stands  of  west- 
ern yellow  pine,  Jeffrey  pine,  white  fir,  incense  cedar,  and  Douglas  fir,  where  it  usually  com- 
prises from  10  to  30  per  cent  of  the  stand.  It  grows  at  medium  elevations  in  rolling  or  rough 
country  and,  for  the  most  part,  where  it  can  he  logged  without  great  difficulty.  Still  much 
of  the  sugar  pine  country  is  as  yet  undeveloped,  and  probably  less  than  one-third  of  the  total 
stand  is  available  to  existing  mills.  Sugar  pine  reaches  large  sizes;  diameters  of  6  feet  or  more 
are  common,  with  heights  up  to  200  feet  or  even  more. 

The  stand  of  this  species  has  been  estimated  at  45  billion  feet,  of  which  33  billion  feet  is 
in  California  and  12  billion  feet  in  Oregon.  The  figure  for  Oregon  is  probably  very  much 
too  high.  Fourteen  billion  feet  in  California  and  2  billion  feet  in  Oregon  is  on  National 
Forests.  Most  of*  the  remainder  is  privately  owned,  principally  by  large  lumber  companies, 
the  Southern  Pacific  Railroad,  and  large  landowners. 

PRODUCTION  OF  LUMBER. 

From  1913  to  1917  the  average  annual  cut  of  sugar  pine  lumber  was  140  million  feet, 
which  represents  nearly  30  per  cent  increase  over  the  cut  between  1907  and  1912.  All  but  an 
insignificant  amount  of  this  lumber  was  cut  in  California,  and  90  per  cent  of  it  by  large  mills. 
In  1917,  6  mills  reported  the  production  of  more  than  10  million  feet  of  sugar  pine  each,  and 
11  other  mills  reported  cuts  of  between  1  and  10  million  feet.  Sugar  pine  makes  up  one-fourth 
of  the  total  cut  of  the  mills  which  saw  it.  Most  of  these  mills  cut  chiefly  western  yellow  pine, 
with  some  white  fir,  Douglas  fir,  and  incense  cedar.  The  mill  capacity  of  the  region  is  more 
than  twice  the  present  cut.  The  large  available  supply  of  timber  indicates  that  the  cut  may 
be  expected  to  increase  for  some  time. 

Logs' are  cut  between  May  and  November,  deep  snow  in  the  mountains  making  winter 
logging  impracticable.  Sugar  pine  is  cut  as  it  comes  with  its  associated  species.  Steam  log- 
ging is  generally  practiced  by  the  larger  companies,  but  animals  are  also  used  to  a  considerable 
extent.  All  large  operators  use  logging  railroads.  Logs  are  generally  cut  from  10  to  20  feet 
long. 

It  is  estimated  that  9  per  cent  of  the  total  cut  of  sugar  pine  falls  in  the  two  upper  grades, 
No.  1  and  No.  2  clear,  and  4  per  cent  in  No.  3  clear.  Material  suitable  for  airplane  use  will 
come  chiefly  from  these  grades,  together  with  a  small  amount  of  short  material  from  No.  I 
shop.    Probably  from  9  to  10  per  cent  of  the  total  cut  will  be  suitable  for  aircraft. 

MARKETS  AND  USES  FOR  LUMBER. 

Approximately  half  the  cut  of  sugar  pine  lumber  is  normally  used  as  it  comes  from  the 
sawmill  for  construction  and  similar  purposes.  The  other  half  is  further  manufactured  into 
a  variety  of  forms,  chief  among  which  are  planing-mill  products  (sash,  doors,  blinds,  finish), 
which  use  26  per  cent  of  the  total  cut,  and  boxes  and  crates,  which  use  20  per  cent  of  the  total. 
Small  quantities,  chiefly  high-grade  material,  go  into  musical  instruments,  furniture,  patterns, 
woodenware,  fixtures,  and  boats. 

A  considerable  part  of  the  high-grade  material  finds  its  way  to  eastern  markets  The 
lower  grades  of  lumber  and  the  box  material  are  used  principally  in  California,  where  the 
demand  for  such  material  is  great. 

WESTERN  HEMLOCK. 

(Tsuga  heterophylla.) 

This  species  is  also  known  as  Prince  Albert's  fir  and  Alaska  pine. 

DISTRIBUTION. 

Western  hemlock  occurs  from  northwestern  Montana  and  northern  Idaho  to  Alaska,  and 
south  along  the  Cascades  and  Coast  ranges  to  central  California.  It  is  of  commercial  impor- 
tance in  the  Pacific  coast  region  from  southern  Oregon  to  Alaska. 
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USE  IN  AIRCRAFT. 

Heavier  than  spruce,  but  lighter  than  Douglas  fir,  western  hemlock  is  low  in  shock  resist- 
ance. It  might  be  used  as  a  substitute  for  spruce,  but  it  is  probable  that  it  will  be  so  used 
only  to  a  limited  extent  so  long  as  supplies  of  better  material  are  available.  It  makes  a  satis- 
factory core  for  plywood,  and  may  sometimes  be  of  considerable  importance  for  this  purpose, 
since  the  supply  is  large  and  the  wood  comparatively  cheap. 

SUPPLY  OF  TIMBER. 

Along  the  Pacific  coast,  western  hemlock  is  usually  the  predominant  species  in  mixed 
stands  with  spruce,  western  red  cedar,  Douglas  fir,  and  grand  fir.  It  is  sometimes  found  in 
pure  stands  along  the  coast  of  Washington  and  Oregon,  while  in  Alaska  extensive  pure 
stands  of  hemlock  or  mixed  stands  of  hemlock  and  Sitka  spruce  are  common.  Along  the  Cas- 
cades it  forms  a  much  smaller  proportion  of  the  stand.  The  timber  is  nearly  all  in  dense  virgin 
stands,  on  both  lowlands  and  higher  slopes.  Trees  reach  large  size,  with  diameters  at  maturity 
of  from  6  to  10  feet  and  heights  up  to  200  feet. 

The  stand  in  Washington,  Oregon,  and  Alaska  is  estimated  at  about  132  billion  board  feet, 
of  which  approximately  57  billion  feet  is  privately  owned,  chiefly  by  large  timber  companies, 
and  75  billion  feet  by  the  public,  mostly  on  National  Forests.  Thirty-three  billion  feet  is  in  Oregon, 
54  billion  feet  in  Washington,  and  45  billion  feet  in  Alaska. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  western  hemlock  lumber  averaged  325  million  feet  for  the  years 
1913  to  1917.  Nearly  85  per  cent  of  it  was  produced  in  Washington  and  most  of  the  rest  in 
Oregon.  In  1917,  10  mills,  all  in  Washington,  reported  cuts  of  more  than  10  million  feet  of 
hemlock.  Forty-four  mills  in  Washington,  19  in  Oregon,  1  in  California,  and  1  in  Idaho  reported 
cuts  of  between  1  and  10  million  feet.  Hemlock  is  considered  an  inferior  species  by  most  oper- 
ators, and  is  cut  along  with  other  species  only  incidentally.  In  selecting  logging  chances,  areas 
which  run  heavily  to  hemlock  are  usually  passed  by  for  those  with  larger  proportions  of  the 
more  valuable  species.  Hemlock  makes  up  about  11  per  cent  of  the  cut  of  the  mills  reporting 
it.  If  they  operated  to  capacity  (one  shift)  and  cut  hemlock  in  the  same  proportion  as  at 
present,  existing  mills  could  increase  their  production  more  than  50  per  cent.  Production 
will  probably  tend  to  increase  for  many  years  as  the  lumber  industry  of  the  Northwest  develops. 

Logging  is  carried  on  for  about  10  months  in  the  year.  Steam  logging  is  the  rule,  witli 
railroad  or,  in  some  cases,  water  transportation.  Logs  are  cut  from  32  to  40  feet  long.  Oper- 
ators make  no  effort  to  saw  for  straightness  of  grain,  but  attempt  to  get  a  maximum  amount 
of  clear  material. 

The  best  available  estimates  indicate  that  not  more  than  3  per  cent  of  the  cut  is  in  the  two 
upper  grades  of  hemlock,  which  include  most  of  the  material  suitable  for  airplanes.  It  is  esti- 
mated that  not  more  than  one-third  of  the  material  in  these  grades,  or  1  per  cent  of  the  total 
lumber  cut,  could  be  used  for  this  purpose. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

The  bulk  of  hemlock  lumber  (including  eastern  and  western  species)  is  used  in  the  rough  for 
construction  work,  and  only  about  30  per  cent  is  further  manufactured.  Most  of  this  goe-;  into 
planing-mill  products,  which  consume  17  per  cent  of  the  cut,  and  into  boxes  and  crates,  which  use 
8  per  cent.    Most  of  the  upper-grade  western  hemlock  is  used  for  finish,  flooring,  and  siding. 

Western  hemlock  is  marketed  along  with  Douglas  fir.  Probably  the  greater  part  of  it, 
being  comparatively  low-grade  material,  is  used  on  the  Pacific  coast  and  in  contiguous  territory. 

REDWOOD. 

(Sequoia  semperrirens.) 
Bigtree  (Sequoia  gigantea)  is  included  with  the  redwood  in  the  discussion  in  this  chapter. 

DISTRIBUTION. 

The  redwood  occurs  in  the  coast  belt  of  northern  California  from  just  below  San  Francisco 
Bay  to  the  Coos  Bay  district  of  southern  Oregon.    The  bulk  of  it  is  in  Del  Norte,  Humboldt, 
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and  Mendocino  Counties,  Calif.  The  bigtree,  which  is  also  sold  as  redwood,  occurs  on  the 
west  slope  of  the  central  Sierras  over  very  limited  areas. 

USE  IN  AIRCRAFT. 

Redwood  is  variable  in  its  properties  and  is  apt  to  be  brash;  hence  it  is  probably  not  suitable 
as  a  substitute  for  spruce  in  aircraft.  It  is,  however,  an  excellent  wood  for  plywood  cores  on 
account  of  its  lightness  and  the  ease  with  which  it  can  be  worked. 

SUPPLY  OF  TIMBER. 

Redwood  forms  pure  forests  in  northern  California;  farther  south  it  occurs  as  groves  scat- 
tered among  other  species.  The  trees  reach  enormous  size,  with  very  heavy  stands.  Redwood 
is  seldom  found  above  3,000  feet  elevation.  Bigtree  reaches  even  larger  sizes  than  does  red- 
wood. It  usually  occurs  in  groves  mixed  with  such  other  species  as  western  yellow  pine,  sugar 
pine,  white  fir,  and  incense  cedar,  and  is  found  at  elevations  between  5,000  and  8,400  feet. 

The  total  stand  of  redwood  is  estimated  at  about  73  billion  board  feet,  practically  all  of 
which  is  in  the  hands  of  a  few  large  private  owners. 

PRODUCTION  OF  LUMBER. 

The  annual  cut  of  redwood  lumber  has  not  fluctuated  widely  for  the  past  10  or  15  years 
from  the  average  of  approximately  500  million  board  feet.  Almost  the  entire  cut  is  produced 
by  34  mills,  which  handle  redwood  almost  exclusively.  The  capacity  of  these  mills  is  rated  at 
about  850  million  feet  a  year.  In  1917,  18  mills  reported  cuts  of  from  5  to  25  million  feet,  4  mills 
from  25  to  75  million  feet,  and  1  mill  in  excess  of  75  million  feet.  Two  of  these  mills  were  in 
the  coast  region  below  San  Francisco  Bay,  one  was  in  the  Sierra  bigtree  region,  and  the  rest 
were  on  the  northwest  coast. 

Logging  operations  are  carried  on  throughout  the  year  in  the  redwood  belt.  All  operators 
use  steam  equipment  and  logging  railroads.  Most  of  the  upper-grade  lumber  is  now  cut  in 
16-foot  lengths.  While  no  particular  effort  is  made  to  saw  straight-grained  material,  redwood 
is  naturally  straight  grained  and  the  proportion  of  such  material  produced  is  large. 

About  50  per  cent  of  the  cut  is  in  the  Clear  and  Sap  Clear  grades,  and  it  is  estimated  that, 
after  allowing  for  grain,  pitch  pockets,  shake,  and  other  defects,  at  least  half  of  this,  or  25  per 
cent  of  the  cut,  will  be  suitable  for  aircraft  construction. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Three-fourths  of  the  redwood  lumber  produced  by  sawmills  is  used,  without  further  manu- 
facture, for  general  construction  and  for  railroad  tios.  Planing-mill  products  take  1 9  per  cent 
of  the  cut,  wood  pipe  about  2  per  cent,  and  tanks  and  silos  almost  as  much.  A  great  number 
of  industries  use  smaller  amounts. 

A  large  proportion  of  the  lumber  and  ties,  as  well  as  of  the  manufactured  products,  is  used 
in  California.  Redwood  is  sold,  however,  in  all  parts  of  the  United  States  and  is  shipped  to  a 
number  of  foreign  countries,  especially  to  those  on  the  Pacific. 

BALD  CYPRESS. 

{Taxodium  dislichum.) 

This  species  is  also  known  as  cypress,  swamp  cypress,  southern  cypress,  black  cypress,  red  cypress,  and  white 
cypress. 

DISTRIBUTION. 

Cypress  occurs  in  the  Atlantic  and  Gulf  coastal  regions  from  southern  Delaware  to  Texas,  and 
along  the  bottom  lands  of  the  Mississippi  and  its  tribut  aries  to  southern  Illinois  and  Indiana.  It  is 
best  developed  and  most  abundant  in  southern  Louisiana  (Atchafalaya  region)  and  in  Florida. 

USE  IN  AIRCRAFT. 

Cypress  is  slightly  heavier  than  spruce.  Carefully  selected  pieces  are  somewhat  superior  in 
strength  to  spruce  when  used  in  the  same  sizes.  It  is,  however,  greatly  variable  in  its  strength 
properties,  and  selection  of  suitable  nieces  is  difficult  on  that  account.    Furthermore,  satisfactory 
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methods  of  drying  and  gluing  have  not  yet  been  developed.  Until  these  difficulties  arc  overcome 
it  will  probably  not  be  a  popular  wood  for  aircraft  use. 

SUPPLY  OF  TIMBER. 

Cypress  grows  in  practically  pure  stands  or  in  mixture  with  tupclo  over  large  areas  of  swampy 
land  where  most  other  species  can  not  live.  It  is  also  found  in  mixture  with  a  great  variety  of 
hardwoods  common  to  the  region.  Stands  are  frequently  very  heavy,  and  mature  trees  are  of 
very  large  size.    Diameters  of  from  6  to  8  feot  or  even  more  are  not  uncommon. 

The  total  remaining  stand  has  boon  variously  estimated  at  from  25  to  40  billion  board  feet, 
the  lower  figure  probably  being  more  nearly  correct.  Possibly  half  of  tho  stand  is  available  to 
existing  plants.    Most  of  it  is  owned  in  large  units  by  land  and  lumber  companies. 

PRODUCTION  OF  LUMBER. 

An  average  of  slightly  over  a  billion  feet  of  cypress  lumber  was  cut  each  year  from  1913  to 
1917,  which  is  more  than  100  million  feet  in  excoss  of  the  average  cut  during  the  six  preceding 
years.  The  cut  is  now  about  stationary,  but  will  decline  in  a  few  years  as  the  virgin  supply  be- 
comes more  nearly  exhausted.  More  than  half  of  the  total  cut  now  comes  from  tho  Atchafalaya 
Basill  of  southern  Louisiana,  and  about  20  per  cent  is  cut  in  Florida.  Eighty  per  cent  of  tho  total 
is  cut  by  some  205  large  mills. 

Trees  are  usually  girdled  for  some  months  before  they  aro  felled,  in  order  to  mako  the  logs 
lighter.  Logs  are  commonly  cut  16  feet  or  shorter,  and  are  gotten  together  by  means  of  steam 
skidders  mounted  on  "pull  boats."  They  aro  then  towed  to  tho  mills.  Some  operators  use 
railroad  transportation  where  the  surface  conditions  allow  it.  The  logs  aro  usually  sawed  with- 
out regard  to  straightnoss  of  grain.  To  produce  airplane  stock  they  should  be  sawed  parallel 
to  tho  bark,  since  the  taper  is  excessive.  Since  cypress  lumber  is  very  hard  to  kiln-dry  on  ac- 
count of  its  tendency  to  caseharden  and  to  check,  it  is  usually  air-dried  for  nearly  a  year  before 
being  shipped. 

Because  of  the  difficulties  in  tho  way  of  the  uso  of  this  spocies,  particularly  with  rogard  to 
its  great  variability  in  density,  it  is  not  easy  to  estimato  how  much  is  suitable  for  aircraft. 
Such  material  will  como  largely  from  the  grades  known  as  tank  (1  per  cent  of  the  average  cut), 
A  (8  per  cent),  B  (7  per  cent),  and  factory  selects  (5  per  cent).  A  rough  estimato  places  the 
possible  airplane  stock  at  about  12  per  cent  of  the  total  cut. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

One-third  of  the  cypress  lumber  cut  is  used  as  it  comes  from  the  mill  for  construction  and 
similar  purposes.  One-half  of  the  cut  is  used  for  planing-mill  products — sash,  doors,  finish, 
molding,  and  similar  uses.  Four  per  cent  is  used  for  boxes  and  crates,  3i  por  cent  for  tanks 
and  silos,  2  per  cent  for  caskets  and  coffins,  1J  per  cont  oach  for  laundry  appliances  and  machine 
construction.    Smaller  quantities  aro  applied  to  many  othor  uses. 

Cypress  lumber  is  very  widely  sold  in  the  United  States,  and  considerable  quantities  go  to 
foreign  countries. 

ASH. 

WHITE  ASH  (Fraxinus  Americana).  BILTMORE  ASII  (Fraxinus  billmoreana).  GREEN  ASH  (Fraxinus  lanceo- 
late). PUMPKIN  ASH  (Fraxinus  profunda).  OREGON  ASH  (Fraxi7iius  oregona).  BLACK  ASH  (Fraxinus 
nigra).    BLUE  ASH  (Fraxinus  quadrangulala). 

There  are  about  ten  other  species  of  ash,  none  of  which,  however,  are  of  commercial  importance. 

DISTRIBUTION. 

Ash  occurs  all  over  the  eastern  United  States  and  along  the  streams  in  the  Plains  region  almost 
to  the  foothills  of  the  Rocky  Mountains.  Several  species  of  no  commercial  importance  occur  in 
the  Southwest.  The  Oregon  ash,  which  is  of  some  importance  within  its  range,  occurs  in  the 
Pacific  coast  region  from  Puget  Sound  to  central  California  and  along  the  foothills  of  the  moun- 
tains as  far  as  southern  California. 
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White  ash  is  common  in  all  States  east  of  the  Mississippi,  except  in  the  Coastal  Plain  region, 
but  is  not  very  important  in  the  lower  Mississippi  valley.  Biltmore  ash  is  chiefly  in  Tennessee, 
Kentucky,  Ohio,  and  Indiana.  Green  ash  is  of  greatest  commercial  importance  in  the  bottom- 
lands of  the  Mississippi  and  its  tributaries  and  in  the  Coastal  Plain  region.  Pumpkin  ash  is  of 
importance  only  in  southeastern  Missouri  and  eastern  North  Carolina.  Oregon  ash  is  of  some 
importance  in  Washington  and  Oregon.  Black  ash  is  chiefly  found  in  the  Lake  States  and  in 
northern  New  England  and  New  York.  Blue  ash  is  of  some  importance  in  Kentucky,  Tennessee, 
Indiana,  Ohio,  and  southern  Missouri. 

USE  IN  AIRCRAFT. 

The  ashes  known  commercially  as  "white  ash"  include  botli  white  ash  and  green  ash,  as  well 
as  the  Biltmore  and  blue  ashes.  All  of  these  are  very  desirable  woods  for  use  in  aircraft.  White 
ash  has  great  strength  and  stiffness,  bonds  verv-  well,  and  is  usually  fairly  straight  grained.  It 
is  used  very  extensively  for  longerons,  bent  work  on  wings  and  fuselage,  landing  skids,  and 
other  parts  of  the  framework  of  aircraft,  and  has  been  used  to  some  extent  for  propellers.  Sec- 
ond-growth ash  is  more  likely  to  have  the  requisite  density  and  hence  is  frequently  considered 
more  desirable  than  old-growth  ash  for  those  uses  in  which  great  toughness  is  required.  Oregon 
ash  is  probably  as  good  as  white  ash.  Black  ash  is  not  so  stiff  as  the  others,  but  is  very  tough 
and  is  excellent  for  bending.  It  should  make  good  plywood.  Pumpkin  ash  is  lighter  and  weaker 
than  the  other  ashes,  and  therefore,  is  not  desirable  for  airplane  construction.  Northern-grown 
white  ash  has  been  considered  more  satisfactory  than  that  from  the  South,  probably  on  account 
of  the  fact  that  a  large  part  of  the  ash  now  cut  in  the  North  is  from  second-growth  stands,  and 
because  the  northern  ash  has  on  the  average  a  higher  density  than  that  from  the  South,  which  is 
largely  green  ash.  In  the  South  brash  material  of  the  better  species  of  ash  is  usually  sold  under 
the  name  of  pumpkin  ash. 

SUPPLY  OF  TIMBER. 

Ash  occurs  in  mixed  hardwood  stands  and  seldom  forms  more  than  a  small  proportion  of  the 
mixture.  White  ash  in  the  North  ordinarily  makes  up  from  5  to  10  per  cent  of  old  stands,  and 
sometimes  from  20  to  50  per  cent  of  second-growth  stands  over  limited  areas.  Green  ash  is  a 
more  important  component  of  most  of  the  stands  in  which  it  occurs,  and  is  frequently  the  pre- 
dominant species  in  certain  parts.  Black  ash  makes  up  from  1  to  10  per  cent  of  the  stands 
where  it  grows,  and  over  limited  areas  is  occasionally  the  predominant  tree. 

Except  in  northern  New  England  and  New  York  and  in  northern  Michigan  and  Wisconsin, 
most  of  the  northern  and  eastern  ash  is  from  second-growth  stands,  and  a  large  part  of  it  is  from 
woodlots.  The  Southern  ash,  as  well  as  some  of  that  in  the  Lake  States,  still  comes  to  a  large 
extent  from  extensive  tracts  in  virgin  forests.  The  old-growth  suppty  is  rapidly  dwindling,  and 
a  larger  and  larger  proportion  of  the  cut  is  coming  from  second  growth. 

There  are  no  available  estimates  of  the  stand  of  ash  by  species.    The  total  of  all  species  is 
estimated  at  about  10$  billion  board  feet,  of  which  about  11  billion  feet  is  in  New  England  and 
New  York,  l\  billion  feet  in  the  Lake  States,  1J  billion  feet  in  the  central  woodlot  region, 
billion  feet  in  the  southern  Appalac  hians,  and  41  billion  feet  in  the  lower  Mississippi  valley  and 
Gulf  region. 

In  about  the  order  named,  the  States  with  the  largest  stands  are:  Arkansas,  Louisiana, 
Missouri,  Ohio,  Texas,  Mississippi,  Michigan,  Tennessee,  Georgia,  Minnesota,  Wisconsin,  Maine, 
and  New  York.    These  States  have  about  three-fourths  of  all  the  ash  in  the  United  States. 

PRODUCTION  OF  LUMBER. 

The  average  cut  of  ash  lumber  during  the  five  years  1913  to  1917  was  just  under  200  million 
feet  a  year,  or  about  50  million  feet  less  than  the  average  annual  cut  during  the  preceding  six 
years.  The  lumber  cut  is  steadily  declining  and  may  be  expected  to  do  so  until  it  reaches  a  figure 
approximately  equal  to  the  annual  increase  of  second-growth  stands. 
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Besides  the  ash  cut  in  the  form  of  luruber,  much  of  the  handle  and  vehicle  stock  is  cut 
*  directly  from  logs  or  bolts,  from  25  to  35  million  feet  is  used  for  slack  cooperage,  and  2  or  3 
million  feet  is  made  into  veneer.    In  normal  times  from  5  to  7  million  feet  of  ash  logs  is  cut  for 
export. 

Arkansas  anil  Louisiana  are  now  the  leading  Statos  in  the  production  of  ash,  and  together 
they  produce  one-fourth  of  all  the  ash  lumber  cut  in  the  United  States.  Following  them,  come 
Wisconsin,  Tennessee,  Indiana,  Mississippi,  Now  York,  and  Michigan.  These  States  together 
produce  about  60  per  cent  of  the  total.  Twenty-nine  mills  reported  cuts  in  1917  of  more  than 
one  million  feet  of  ash.  Two  of  these  were  in  northern  New  England,  3  in  Indiana,  5  in  the 
southern  coastal  region,  and  the  rest  in  the  lower  Mississippi  valle}*.  Ash  lumber  is  cut  in  smaller 
amounts  by  a  very  large  number  of  both  largo  and  small  mills. 

Logging  in  most  of  the  ash  regions  is  carried,  on  throughout  the  year,  except  that  in  the 
river  bottoms  it  is  usually  interrupted  by  high-water  periods.  Steam  logging  is  sometimes 
employed,  but  animal  logging  is  used  by  most  operators.  Logs  are  carried  to  the  mills  by  rafts, 
railroads,  teams,  or  motor  trucks,  according  to  the  region  in  which  the  operations  are  conducted. 
Logs  arc  usually  cut  in  lengths  of  16  feet  or  less.  Many  operators  uso  considerable  care  to  saw 
straight-grained  lumber,  particularly  from  the  white  ashes,  since  so  many  of  tho  uses  to  which 
high-grade  ash  is  put  require  straightness  of  grain. 

The  strongest  material  is  usually  sawed  from  within  7  inches  of  the  center  of  the  trees; 
consequently,  trees  of  comparatively  small  diameters  may  produce  as  much  airplane  material 
as  trees  from  virgin  stands.  Tho  proportion  of  high-grade  material  produced  varies,  of  course, 
with  the  size  of  tho  trees  as  well  as  with  tho  locality  where  they  grow.  From  second-growth 
white  ash  stands,  trees  under  10  inches  in  diameter  yield  no  firsts  and  seconds,  and  about  50 
per  cent  No.  1  common;  trees  20  inchos  in  diameter  yield  over  40  per  cent  firsts  and  seconds, 
and  about  35  per  cent  No.  1  common.  Assuming  tho  average  diameters  to  be  from  14  to  16 
inches,  an  average  proportion  is  about  25  per  cent  firsts  and  seconds,  and  42  per  cent  No.  1 
common. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Practically  all  of  the  ash  lumber  cut  is  further  manufactured  before  it  reaches  the  consumer. 
Approximately  22  per  cent  is  used  for  handles,  especially  those  for  spades,  shovels,  hoes,  rakes, 
and  forks,  for  which  long,  stiff,  tough,  straight-grained  pieces  are  required.  More  ash  than  any 
other  wood  except  hickory  is  used  for  handles.  Twenty  per  cent  of  the  cut  is  used  for  butter 
tubs.  This  material  is  nearby  all  green  and  black  ash,  and  comprises  short,  clear  lengths  cut 
from  low-grade  logs.  Fifteen  per  cent  is  used  in  vehicle  manufacture,  for  such  parts  as  poles, 
tongues,  axles,  and  felloes,  which  require  tough  white  or  green  ash  of  high  quality,  and  for 
bodies,  which  are  made  of  larger  pieces  of  old-growth  ash.  Flaniug-mill  products  take  7  per 
cent  of  the  cut,  much  of  it  black  ash.  Refrigerators  and  kitchen  cabinets  (mostly  black  ash), 
furniture  (mostly  black  ash),  car  construction  (all  species)  each  take  about  6  per  cent  of  the  cut. 
Agricultural  implements  and  oars  (both  of  which  require  high-grade  white  and  green  ash)  each 
take  about  3  per  cent.  Athletic  goods,  musical  instruments,  fixtures,  hamcs,  and  many  other 
products  that  call  for  a  good  grade  of  material  take  smaller  amounts. 

Ash  is  either  manufactured  into  the  finished  product  near  where  it  is  cut  or  is  shipped  to  the 
confers  of  the  wood-manufacturing  industry  in  tho  Northern  and  Eastern  States.  Several 
million  feet  of  logs  is  normally  exported  to  Europe  each  year  and  several  million  feet  of  lumber 
goes  to  Europe  and  to  South  America. 
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BASSWOOD. 

(Tilia  nmerieima.) 

This  species  is  also  called  linden,  linn,  and  white  wood.  Downy  basswood  (T.  pubescens)  and  white  basswood 
(2*.  heterophylla)  should  probably  also  be  grouped  with  the  common  basswood.  Data  are  not  available,  however, 
with  respect  to  the  strength  of  these  species. 

DISTRIBUTION. 

Basswood  occurs  from  northern  New  Brunswick  to  Lake  Winnipeg,  south  to  Virginia, 
northern  Georgia  and  Alabama,  eastern  Texas,  and  as  far  west  as  eastern  Dakota,  Kansas,  and 
Oklahoma.  It  reaches  its  largest  size  in  the  lower  Ohio  River  bottom  lands,  but  is  more  abun- 
dant northward. 

USE  IN  AIRCRAFT. 

Basswood  is  light  in  weight  but  low  in  strength;  consequently  it  is  not  a  good  substitute 
for  spruce.  It  is,  however,  one  of  the  best  woods  in  ability  to  take  nails  without  splitting, 
and  is  excellent  for  webs  of  wing  ribs  and  for  plywood  cores  generally.  It  is  also  used  for  thin 
flooring  plank. 

SUPPLY  OF  TIMBER. 

Through  most  of  its  range  basswood  is  found  in  mixture  with  other  hardwoods.  In  the 
North  it  frequently  is  the.  predominating  species  in  the  stand,  and  sometimes  forms  pure  stands 
over  limited  areas.  Mature  trees  frequently  reach  diameters  of  from  3  to  4  feet  and  heights 
of  more  than  100  feet.  While  much  of  the  basswood  is  in  situations  in  which  logging  can  be 
done  with  little  difficulty,  a  considerable  part  of  it  is  in  localities  as  yet  undeveloped  and  is  not 
available  to  existing  mills. 

The  total  stand  is  estimated  at  approximately  9  billion  board  feet,  of  which  SO  per  cent  is 
in  Wisconsin,  Michigan,  Minnesota.  Iowa,  Xew  York.  Kentucky,  West  Virginia,  and  Vermont, 
in  the  order  named.  There  is  about  1$  billion  feet  in  New  England  and  New  York,  5  billion 
feet  in  the  Lakes  States,  1\  billion  feet  in  the  southern  Appalachians,  and  1  billion  feet  in  the 
central  wood-lot  region. 

Much  of  the  virgin  stand,  which  is  in  northern  New  England,  the  Lake  States,  and  the 
southern  Appalachians,  is  owned  by  large  land  and  lumber  companies.  Outside  of  these  three 
regions,  most  of  the  basswood  is  in  small  holdings. 

PRODUCTION  OF  LUMBER. 

For  the  five-year  period  1913  to  1917,  the  average  annual  cut  of  basswood  lumber  was 
approximately  250  million  board  feet,  which  was  nearly  100  million  feet  less  than  the  average 
cut  during  the  preceding  six  years.  The  general  tendency  indicates  a  steady  decline  as  the  ac- 
cessible virgin  supplies  become  more  nearly  exhausted.  One-third  of  the  total  is  cut  in  north- 
ern Wisconsin,  one-fifth  in  Michigan,  and  one-eighth  in  West  Virginia.  These  States,  with  New 
York,  cut  about  three-fourths  of  tho  total. 

From  95  to  99  per  cent  of  the  basswood  cut  in  Michigan  and  Wisconsin  and  the  larger 
part  of  that  cut  in  West  Virginia  is  produced  by  largo  mills.  In  1917,  32  mills  reported  cuts 
of  more  than  a  million  feet  of  basswood,  and  about  180  reported  cuts  of  between  200  thousand 
and  a  million  feet.  Basswood  was  cut  along  with  a  variety  of  other  woods  by  all  of  these 
mills  and  formed  only  a  minor  part  of  the  total  output  of  most  of  them. 

Logging  operations  proceed  the  year  round  in  most  of  the  basswood  region.  Animals  are 
quite  generally  used,  although  a  few  companies  log  with  steam.  The  large  operations  in  the 
Lake  States  and  in  the  South  are  railroad  operations.  Logs  are  commonly  cut  16  feet  or  less 
in  length.  Mills  cut  for  grade,  but  not  particularly  for  straight  grain.  Some  10  million  feet 
of  basswood  veneer  is  cut  oach  year. 

It  is  estimated  that  from  16  to  20  per  cent  of  the  basswood  cut  will  grade  firsts  and  seconds, 
and  that  from  22  to  25  percent  will  grade  No.  1  common.  The  proportions  will  probably  run  a 
little  higher  in  the  South,  where  the  trees  are  somewhat  larger.  Material  suitable  for  aircraft 
construction  will  como  from  these  grades,  principally  from  the  first, 
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MARKETS  AND  USES  FOR  THE  LUMBER. 

Practically  all  of  the  hasswood  lumber  cut  is  further  manufactured  before  it  reaches  the 
consumer.  Twenty-three  per  cent  of  the  total  goes  into  the  box  industry;  16  per  cent  into 
finish  and  other  planing  mill  products;  16  per  cent  into  woodonware;  9  per  cent  into  furniture; 
6  per  cent  (more  than  of  any  other  one  species)  into  trunks  and  valises;  5$  percent  into  pic- 
ture frames  and  molding;  3  per  cent  into  musical  instruments;  2$  per  cent  into  toys.  A 
wide  variety  of  other  industries  use  lesser  amounts. 

Basswood  lumber  is  marketed  chiefly  in  the  region  of  wood-manufacturing  industries,  that 
is,  the  North  Atlantic  and  North  Central  States. 

BEECH. 

.  (Fagus  atropuniceu.) 

DISTRIBUTION. 

Beech  occurs  from  New  Brunswick  to  northern  Wisconsin  and  south  to  eastern  Texas 
and  western  Florida.  It  reaches  its  best  development  in  the  Northern  States,  the  lower  Ohio 
Valley  and  the  Appalachians. 

USE  IN  AIRCRAFT. 

Having  strength  properties  very  similar  to  those  of  maple  and  birch,  it  makes  a  fairly 
satisfactory  propeller  wood  where  requirements  are  not  too  exacting,  and  was  used  for  this 
purpose  to  some  extent  in  Europe.  It  is  also  a  satisfactory  material  for  plywood.  Because 
of  the  comparatively  large  and  accessible  supplies  of  the  timber  fairly  close  to  centers  of  consump- 
tion, and  because  of  the  cheapness  of  the  material,  beech  may  be  of  considerable  importance  in 
the  future  of  airplane  manufacturing. 

SUPPLY  OF  TIMBER. 

Beech  sometimes  forms  nearly  pure  stands  over  limited  areas,  but  is  usually  found  in  mix- 
ture with  other  species,  such  as  birch,  sugar  maple,  basswood,  and  hemlock.  In  such  mixtures 
it  is  frequently  the  predominant  species.  Mature  trees  3  feet  or  more  in  diameter  are  common. 
Most  of  the  beech  is  in  fairly  accessible  regions,  in  situations  which  offer  no  serious  difficulty 
in  logging. 

While  accurate  data  as  to  the  stand  of  beech  timber  are  lacking,  rough  estimates  indicate 
that  there  is  from  20  to  25  billion  board  feet  in,the  United  States.  Seven-eighths  of  it  is  in  the 
following  States,  which  are  named  in  the  order  of  their  importance  as  beech  States:  Michigan, 
New  York,  Maine,  Indiana,  Kentucky,  Ohio,  New  Hampshire,  Vermont,  Pennsylvania,  and 
West  Virginia.  It  is  estimated  that  there  is  about  8  billion  feet  in  New  England  and  New  York, 
4  billion  feet  in  Michigan  and  Wisconsin,  5  billion  feet  in  the  southern  Appalachians,  and  -1 
billion  feet  in  the  central  woodlot  region. 

Much  of  the  virgin  timber  in  the  Lake  States,  northern  New  England  and  New  York,  and 
the  Appalachians  is  held  by  large  lumber  companies  or  land  companies.  A  large  amount  of 
beech,  however,  is  found  on  small  holdings,  particularly  in  the  Central  States. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  beech  lumber  in  the  United  States  from  1913  to  1917,  was  350 
million  feet.  For  the  six  years  previous  it  was  440  million  feet  per  year.  The  production  of 
beech  lumber  is,  therefore,  slowly  declining  and  may  be  expected  to  do  so  until  it  reaches  the 
point  where  it  does  not  exceed  the  increase  in  second-growth  stands.  Michigan  produces  20 
per  cent  of  the  total,  followed  by  Indiana,  West  Virginia,  Pennsylvania,  New  York,  Ohio,  and 
Kentucky.    The  first  five  States  named  produce  nearly  three-fouths  of  the  total. 

Beech  is  cut,  along  with  associated  hardwoods  or  hardwoods  and  conifers,  by  a  large  number 
of  both  large  and  small  mills.  Probably  the  larger  proportion  of  the  high-grade  material  is 
produced  by  fairly  large  mills,  each  of  which  cuts  several  hundred  thousand  feet  of  beech. 
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There  are  only  about  a  dozen  mills  that  cut  more  than  2}  million  feet  of  beech  apiece.  Horse 
logging  is  the  rule  in  the  beech  territory,  although  a  few  large  operators  use  steam.  Both  animal 
and  railroad  transportation  are  used,  and,  where  roads  are  good,  motor  trucks  are  coming  into 
use  to  carry  logs  to  the  mill.    Logging  operations  are  carried  on  during  most  of  the  year. 

In  the  Lake  States,  approximately  12  per  cent  of  the  cut  will  grade  firsts  and  seconds,  and 
23  per  cent  No.  1  common.  Possibly  the  Ohio  valley  and  Appalachian  timber  may  run  a  little 
bettor.  It  is  estimated  that  from  5  to  10  per  cent  of  firsts  and  seconds  can  be  cut  into  quarter- 
sawed  stock  suitable  for  propellers. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

About  65  per  cent  of  the  beech  lumber  produced  is  further  manufactured.  Of  this  amount, 
13.5  per  cent  is  made  into  planing  mill  products;  11.2  per  cent  into  furniture  and  chairs;  3.9 
per  cent  into  handles;  3.3  per  cent  into  woodenware;  2  per  cent  into  laundry  appliances,  and 
1.5  per  cent  into  brushes.  Lesser  quantities  are  utilized  for  vehicles,  agricultural  implements, 
musical  instruments,  spools  and  bobbins,  tops,  and  many  other  products.  The  box  and  crate 
industry  uses  18.3  per  cent. 

.  On  the  whole,  beech  lumber  is  generally  sold  quite  near  the  place  where  it  is  produced,  since 
much  of  the  beech  region  is  also  the  section  of  woodworking  industries. 

BIRCH. 

SWEET  BIRCH  (Belula  lenia). 
This  species  is  also  known  as  black  birch,  cherry  birch,  and  mahogany  birch. 

YELLOW  BIRCH  (Betula  lutea). 
This  species  is  also  known  as  silver  birch,  swamp  birch,  and  gray  birch. 

DISTRIBUTION. 

The  range  of  sweet  birch  extends  from  Newfoundland  to  western  Ontario,  central  Iowa, 
southern  Illinois,  and  south  along  the  Appalachian  Mountains  to  Florida.  While  most  abundant 
in  the  North,  it  reaches  its  largest  size  on  the  western  slopes  of  the  southern  Appalachians. 
Yellow  birch  occurs  from  Newfoundland  to  northern  New  England,  northern  Minnesota,  and 
south  along  the  Appalachians  to  Tennessee  and  North  Carolina.  It  is  most  abundant  and  of 
largest  size  in  northern  New  England  and  New  York,  and  in  northern  Michigan  and  Wisconsin. 

USE  IN  AIRCRAFT. 

Birch  of  these  two  species  is  quito  heavy,  hard,  stiff,  and  resistant  to  wear,  of  uniform 
texture,  and  takes  a  fine  finish.  It,  therefore,  makes  satisfactory  propellers  except  where  the 
requirements  are  exceptionally  exacting.    It  has  been  used  for  propellers  in  several  countries. 

Birch  plywood  is  widely  used  in  the  manufacture  of  aircraft.  Because  of  its  resistance  to 
wear,  its  stiffness,  and  ease  of  bending,  it  is  especially  good  for  face  ply  where  thinness  is  essential. 

On  account  of  the  fairly  large  and  accessible  supplies  of  birch  timber  located  at  no  great 
distance  from  the  centers  of  manufacture,  birch  will  probably  continue  to  be  a  very  important 
wood  in  the  aircraft  industry. 

SUPPLY  OF  TIMBER. 

While  birch  is  frequently  found  in  pure  or  almost  pure  stands  of  second  growth  over  small 
areas,  it  seldom  so  occurs  in  virgin  stands,  but  is  mixed  with  other  hardwoods  and  conifers, 
among  which  sugar  maple,  beech,  basswood,  hemlock,  spruce,  and  pine  arc  important.  Mature 
sweet  birch  trees  run  from  2  to  3  feet  in  diameter  and  from  70  to  80  feet  in  height,  while  yellow 
birch  averages  a  little  larger. 

Much  of  the  virgin  birch  in  northern  New  England  and  in  the  Appalachian  region  is  still 
somewhat  distant  from  sawmill  plants.  The  birch  region  of  Wisconsin  and  the  adjacent  part  of 
upper  Michigan  is  the  most  fully  developed  at  present. 

Estimates  of  the  total  stand  of  birch  are  very  unsatisf actor}',  and  no  attempt  is  mado  to 
distinguish  the  species.    The  best  available  figure  for  all  the  birches  together  is  approximately 
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19  billion  board  feet.  This  includes  several  species  other  than  the  two  under  discussion,  but 
the  proportion  of  these  (principally  paper  birch  and  river  birch)  is  relatively  small.  The  States 
having  the  largest  stands  of  birch  are,  in  the  order  named:  Maine,  Wisconsin,  New  York,  Mich- 
igan, Minnesota,  Vermont,  New  Hampshire,  which  together  have  about  90  per  cent  of  the  total. 
It  is  estimated  that  there  is  in  New  England  and  New  York  10  billion  feet,  in  the  Lake  States  8 
billion  feet,  and  in  the  southern  Appalachians  1  billion  feet. 

The  greater  part  of  the  old-growth  birch  is  owned  by  lumber  companies  or  by  land-invest- 
ment companies,  in  large  or  fairly  large  units. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  birch  lumber  in  the  United  States  between  1913  and  1917  was 
440  million  board  feet.  This  is  a  little  in  excess  of  the  average  cut  during  the  preceding  six 
years.  In  other  words,  the  production  of  birch  is  yet  on  the  increase,  and  the  present  rate  ot 
output  may  be  expected  to  be  maintained  for  somo  years  to  come.  Half  of  the  total  is  cut  in 
northern  Wisconsin,  and  two-thirds  in  Wisconsin  and  Michigan  together.  After  these,  the 
important  producing  States  are:  Vermont,  Maine,  West  Virginia,  and  New  York.  These  six 
States  report  more  than  90  por  cent  of  the  total  cut.  It  is  estimated  that  85  per  cent  of  the 
birch  cut  in  Wisconsin  and  Michigan  is  yellow  birch,  and  most  of  the  remainder  is  sweet  birch. 
This  proportion  is  doubtless  approximately  correct  for  the  other  States  named. 

While  birch  is  cut  by  a  large  number  of  small  mills,  by  far  the  greater  proportion  is  cut  by 
large  mills.  In  northern  Minnesota  97  per  cent  of  the  total  is  produced  by  mills  which  cut  in 
excess  of  a  million  board  feet  each,  and  99  per  cent  of  the  northern  Michigan  output  is  cut  by 
mills  of  that  class.  About  22  mills  in  Wisconsin  and  Michigan  and  6  in  New  England  and  New 
York  report  the  production  of  more  than  3  million  feet  of  birch  each.  Birch  is  cut  along  with  other 
species  as  it  comes  in  the  stand.  Horse  logging  is  the  rule,  although  some  of  the  larger  opera- 
tors use  steam.  The  largest  producers  run  railroad  operations.  Logging  in  the  birch  region  is 
carried  on  during  most  of  the  year.  Birch  lumber  is  ordinarily  plain  sawed  and  the  largest  and 
best  logs  are  saved  for  veneor.  Under  normal  conditions,  from  25  to  30  million  feet  a  year 
is  used  for  this  purpose.  The  big  mills  both  in  the  North  and  in  the  Appalachian  region  use 
considerable  care  in  grading  their  lumber. 

It  is  estimated  that  12  per  cent  of  the  cut  will  grade  firsts  and  seconds,  8  inches  or  wider, 
and  that  possibly  3i  per  cent  will  be  suitable  for  propellers.  Firsts  and  seconds  make  up  14  or 
15  per  cent  of  the  total  output  in  the  Lake  States,  and  No.  1  common  about  25  per  cent. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Practically  the  entire  cut  of  birch  is  further  manufactured.  Planing-mill  products,  includ- 
ing finish,  sash  and  doors,  and  similar  products,  take  28  per  cent  of  it.  Furniture  including 
chairs,  takes  17.7  percent  and  uses  a  larger  quantity  of  birch  than  of  any  other  woods  except  oak, 
maple,  and  red  gum.  The  spool  and  bobbin  industry  uses  6.9  per  cent  of  the  birch  cut,  a  cpian- 
tity  greater  than  that  of  all  other  woods  combined.  Of  all  birch  cut,  6.1  per  cent  goes  into 
woodcuware  and  novelties;  3.2  per  cent  into  fixture^;  3  per  cent  into  vehicles;  2.7  per  cent  into 
musical  instruments;  2.1  per  cent  into  handles;  1.7  into  dowels;  and  1.6  per  cent  into  boot  and 
shoe  findings.  Many  other  industries  use  smaller  amounts.  The  box  and  crate  industry, 
which  probably  uses  the  greater  part  of  the  low-grade  lumber  as  well  as  some  of  higher  grades, 
absorbs  18.9  per  cent  of  the  total. 

Tho  greater  part  of  the  output  of  birch  lumber  is  sold  and  used  in  regions  fairly  close  to  the 
places  where  it  is  produced. 

BLACK  CHERRY. 

t 

(Prunns  serotina). 
DISTRIBUTION. 

Black  cherry  occurs  from  Nova  Scotia  to  Dakota,  south  to  Florida  and  Arizona,  and  along 
the  mountains  to  South  America.  It  was  formerly  abundant  and  oj"  considerable  commercial 
importance  in  the  Appalachian  region  from  West  Virginia  to  Alabama,  but  is  nowhere  abundant 
now. 
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USE  IN  AIRCRAFT. 

Cherry  wood  is  strong,  fairly  hard,  straight  grained,  works  well,  and  takes  a  fine  finish, 
consequent!)'  it  is  an  excellent  propeller  wood.  It  is  also  good  for  plywood  facing.  The  sup- 
ply is  so  small,  •however,  that  this  species  can  -probably  never  be  of  great  importance  to  the  air- 
plane industry. 

SUPPLY  OF  TIMBER. 

Available  estimates  of  the  supply  of  standing  black  cherry  timber  are  only  rough  guesses 
based  on  the  amounts  known  to  exist  in  a  few  localities.  There  is  supposed  to  bo  between  400 
and  500  million  feet  all  together.  Cherry  usually  occurs  scattered  as  single  trees  in  mixed  hard- 
wood forests  and  along  roads  and  fences.  It  is  estimated  that  about  100  million  feet  is  in  New 
England  and  New  York,  200  million  in  the  southern  Appalachians,  and  100  million  in  the  cen- 
tral woodlot  region.  Probably  there  is  more  cherry  left  in  West  Virginia  than  in  any  other 
State.  New  York,  Pennsylvania,  Ohio,  .Michigan,  Tennessee,  North  Carolina,  and  Kentucky 
are  also  supposed  to  havo  considerable  quantities.  A  few  large  virgin  tracts  in  the  mountains 
still  contain  considerable  amounts  of  cherry,  but  by  far  the  greater  part  of  the  supply  is  in  the 
hands  of  a  multitude  of  small  owners. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  black  cherry  lumber  in  recent  years  has  been  less  than  10  million 
hoard  feet,, and  it  is  steadily  decreasing.  West  Virginia  cuts  the  most.  Other  .States  that 
produce  considerable  quantities  are:  Penns3'lvania,  New  York,  North  Carolina,  Indiana,  Ten- 
nessee, Michigan,  Ohio,  and  Virginia.    About  20  States  in  all  report  some  cherry  cut. 

Cherry  forms  only  a  very  small  part  of  the  cut  of  most  of  the  mills  that  saw  it.  It  is  cut  b}'  a 
large  number  of  both  large  and  small  nulls,  very  few  of  which  cut  large  quantities. 

It  is  estimated  that  from  15  to  25  per  cent  of  the  cut  grades  firsts  and  seconds,  most  of  which 
woidd  be  suitable  for  propellers. 

USES  FOR  THE  LUMBER. 

Cherry  is  a  valuable  cabinet  wood,  and  practically  the  entire  cut  is  further  manufactured. 
Eighteen  per  cent  goes  into  fixtures.  Seventeen  per  cent  goes  into  printing  material  (backing) 
this  industry  using  more  cherry  than  any  other  five  woods  combined.  Car  construction  uses  for 
finish  16  per  cent  of  the  cherry  lumber  cut.  Fourteen  per  cent  goes  into  planing-mill  products: 
6  per  cent  into  professional  and  scientific  instruments;  5£  per  cent  into  furniture;  5  per  cent  into 
handles;  4  per  cent  into  brushes.  Musical  instruments,  clocks,  boats,  fancy  boxes,  and  patterns 
take  considerable  quantities. 

ELM. 

CORK  ELM  (Ulmus  racemosa). 
This  species  is  also  known  as  rock  elm,  cork-bark  elm,  ;mi)  hickory  elm. 

0 

WHITE  ELM  ( Ulmus  americana). 
This  species  is  also  known  as  American  elm,  water  elm,  and  gray  elm. 

SLIPPERY  ELM  ( Ulmus  pubescent). 
This  species  is  also  known  as  red  elm  and  rock  elm. 

WING  ELM  ( Ulmus  alata). 

This  species  is  also  known  as  wahoo,  witch  elm,  cork  elm.  small-leaved  elm,  red  elm,  water  elm,  and  mountain  elm. 

CEDAR  ELM  ( Ulmus  crassifolia). 
This  species  is  also  known  as  red  elm  and  basket  elm. 

DISTRIBUTION. 

Cork  elm  occurs  from  eastern  Quebec,  through  northern  New  Hampshire  and  Vermont, 
to  Michigan,  Wisconsin,  northeastern  Nebraska,  Missouri,  and  middle  Tennessee.  It  is  commer- 
cially important  chielly  in  northeastern  Wisconsin  and  adjacent  parts  of  upper  Michigan.  White 
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elm  occurs  from  southern  Newfoundland  to  the  eastern  hase  of  the  Rocky  Mountains  and  south 
to  Texas  and  Florida.  Commercially  it  is  most  important  in  Michigan,  Wisconsin,  Indiana,  and 
the  lower  Mississippi  Valley.  Slippery  elm  has  almost  the  same  range  as  white  elm,  hut  does 
not  extend  quite  so  far  north  or  south.  Wing  elm  occurs  in  the  Atlantic  coast  region  from  south- 
ern Virginia  to  Florida,  and  in  the  lower  Mississippi  and  tributary  valleys  from  southern  Illinois 
to  Texas.  Cedar  elm  occurs  from  Mississippi  through  Louisiana,  southern  Arkansas,  and  most 
of  the  wooded  part  of  Texas. 

USE  IN  AIRCRAFT. 

Elm  is  slightly  heavier  than  ash  and  rather  low  in  stiffness  but  very  tough  and  shock  re- 
sistant. It  steam  bends  very  well  and  may  be  substituted  for  ash  in  longerons  and  for  similar 
uses.  It  is  also  used  for  other  bent  work,  such  as  landing  skids  and  flying-boats'  keels.  Cork 
elm  has  been  approved  for  propellers.    White  elm  is  used  for  bent  plywood. 

Individual  pieces  of  slippery  and  white  elm  of  the  same  density  as  cork  elm  have  the  same 
properties;  therefore,  the  species  is  a  less  important  consideration  than  the  density.  Slippery 
elm  is  on  the  average  lighter  than  cork  elm,  and  white  elm  is  lighter  and  less  still'.  All  of  the 
elms  require  care  in  drying  because  of  their  tendency  to  warp  and  to  twist. 

The  supply  of  cork  elm  being  very  limited,  this  species  probably  has  no  future  as  a  pro- 
peller wood.  On  the  other  hand,  the  supply  of  all  the  elms  taken  together  is  comparatively 
large  and  accessible,  and  growth  is  rapid;  therefore,  elm  for  bent  work  and  plywood  may  be 
used  in  increasing  quantities. 

SUPPLY  OF  TIMBER. 

Elm  grows  scattered  in  mixed  stands  with  other  hardwoods,  and  does  not  form  pure 
stands.  It  is  a  very  common  and  widely  distributed  field  and  roadside  tree.  White  elm  reaches 
diameters  of  0  feet  or  moro  at  maturity.  Cork  elm  occasionally  reaches  diameters  of  3  feet,  while 
slippery  elm  and  cedar  elm  are  somewhat  smaller,  and  wing  elm  is  rarely  2  feet  in  diameter. 
Forest-grown  cork  elms  are  frequently  free  of  branches  for  60  feet  from  the  ground. 

Such  estimates  as  are  aArailable  of  the  total  stand  of  elm  do  not  separate  the  species.  It  is 
judged  that  there  is  about  16  billion  feet  of  elm  standing.  The  States  with  the  largest  supplies 
of  elm  are,  in  the  order  named:  Arkansas,  Missouri,  Michigan,  Louisiana,  Mississippi,  and  Wis- 
consin. These  six  States  have  two-thirds  of  the  total  stand.  In  New  England  and  New  York 
there  is  slightly  less  than  1  billion  feet,  in  the  Lake  States  nearly  4  billion  feet,  in  the  Mississippi 
vallev  8  billion  feet,  and  in  the  central  woodlot  region  3  billion  feet.  It  has  been  estimated  that 
from  one-fourth  to  one-third  of  the  elm  cut  in  Wisconsin,  5  per  cent  of  that  cut  in  lower  Mich- 
igan, and  20  per  cent  of  that  cut  in  upper  Michigan  is  cork  elm.  There  is  probably  about  300 
million  feet  of  cork  elm  standing  in  these  States,  which  have  nearly  all  of  the  supply  of  this  spe- 
cies that  is  commercially  important.  While  most  of  the  remaining  forest-grown  elm,  and  prob- 
ably practically  all  of  the  forest-grown  cork  elm  is  in  large  holdings  owned  by  land  and  lumber 
companies,  a  large  part  of  the  total  stand  of  elm  is  held  by  small  owners.  Much  of  it,  especially 
in  the  lower  Mississippi  region,  is  on  land  that  will  be  cleared  for  agriculture. 

PRODUCTION  OF  LUMBER. 

During  the  years  1913  to  1917  the  average  annual  cut  of  elm  lumber  was  about  215  million 
feet,  which  is  60  million  feet  less  than  the  average  cut  during  the  preceding  six  years.  The  ait 
is  gradually  but  quite  steadily  decreasing.  Wisconsin  and  Michigan  together  produce  one-half 
of  the  total;  following  them  come  Indiana,  Arkansas,  Ohio,  anil  Missouri.  These  six  States 
report  more  than  three-fourths  of  the  total.  Twenty  mills  in  the  North  (Minnesota,  Wisconsin, 
Michigan,  Indiana)  reported  cuts  of  elm  for  1917  in  excess  of  1  million  feet;  fifteen  in  the  lower 
Mississippi  valley  reported  similar  cuts.  From  15  to  20  million  feet  of  elm  veneer,  not  included 
in  the  lumber  cut,  is  also  produced  each  year,  besides  about  150  million  feet  of  slack  cooperage 
material.  The  annual  production  of  cork  elm  lumber  is  about  13J  million  feet,  of  which  10 
million  feet  is  cut  in  Wisconsin,  nearly  all  in  Shawano,  Langlade,  and  Forest  Counties,  and  3} 
million  feet  in  Michigan.    About  half  the  elm  cut  in  the  three  Wisconsin  counties  named  is  cork 
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elm.  Elm  lumber  forms  oniy  a  minor  part  of  the  total  cut  of  the  larger  mills  reporting,  as  few,  if 
any,  of  them  make  any  special  effort  to  get  elm  except  as  they  happen  upon  it  in  the  course  of 
logging. 

Practically  all  elm  logs  are  plain  sawed.  From  18  to  20  per  cent  of  the  cork  elm  cut  grades 
firsts  and  seconds,  admitting  widths  as  narrow  as  4  inches,  and  from  24  to  80  per  cent  grades 
No.  1  common.  The  total  amount  of  plain-sawed,  straight  grained,  clear  cork  elm,  suitable  for 
propellers,  that  can  be  obtained  from  the  present  annual  cut,  it  is  estimated,  will  not  exceed  about 
200  thousand  board  feet.  This  is  only  about  li  per  cent  of  the  total  cut.  It  is  probable,  how- 
ever, that  a  much  larger  proportion,  possibly  from  15  to  20  per  cent,  will  be  suitable  for  other 
parte  of  aircraft.  Because  of  the  larger  average  size  of  the  logs,  an  even  greater  part  of  the  cut 
of  white  elm  may  be  available  for  those  uses  to  which  this  species  is  adapted,  including  the 
making  of  veneers.  A  comparatively  small  percentage  of  it  will  be  of  sufficient  density  to  make 
longeron  stock. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

At  least  90  per  cent  of  the  elm  lumber  cut  is  further  manufactured  before  it  reaches  the  con- 
sumer. Twenty-six  per  cent  goes  into  boxes  and  crates;  14  per  cent  into  furniture  (principally 
chairs,  for  which  more  elm  is  us?d  than  any  other  wood  except  maple  and  beech) ;  12A  per  cent 
into  vehicles;  6J  per  cent  into  musical  instruments;  5  per  cent  into  refrigerators  and  kitchen 
cabinets;  3  per  cent  into  agricultural  implements;  and  2h  per  cent  into  trunks  (especially  slats). 
Smaller  quantities  are  used  for  a  great  variety  of  products. 

This  wood  is  practically  all  used  in  the  Northern  and  Eastern  States,  and  the  industries  which 
take  the  largest  amounts  of  elm  are  usually  located  fairly  close  to  the  sources  of  supply.  A 
great  deal  of  the  cooperage  material  is  manufactured  into  finished  products  in  the  South, 
near  the  places  where  it  is  cut. 

A  large  part  of  the  cork  elm  produced  is  used  in  vehicle's,  for  hubs,  bows,  parts  of  the  run- 
ning gear,  automobile  bodies,  logging-wheel  spokes,  sleigh  runners,  and  carriage-wheel  rims. 
Some  is  used  for  chair  rockers,  stepladders,  laeleler  rungs,  plow  handles,  scythe  snaths,  and 
main*  other  articles. 

HICKORY. 

SHAG  BARK  HICKORY  (Hicoria  ovata).  SHELLBARK  HICKORY  (Hicoria  laciniosa).  PIGNUT  HICKORY 
(flicoria  glabra).  MOCKERNUT  HICKORY  (Hicoria  alba).  BITTERNUT  HICKORY  (Hicoria  minima). 
WATER  HICKORY  (Hirorin  nq„alica).  NUTMEG  HICKORY  (Hicoria  myristicarformis).  PECAN  HICK- 
ORY (Hicoria  pecan). 

There  are  several  other  hickory  species  of  minor  importance,  hut  the  greater  part,  of  the  luniher  cut  is  from  the 
first  five  species. 

DISTRIBUTION. 

Shagbark  hickory  occurs  from  southern  Maine  through  southern  Quebec  and  Ontario 
to  southern  Minnesota  and  eastern  Nebraska,  and  south  to  Delaware,  and  along  the  Appa- 
lachians to  western  Florida  and  Texas.  It  is  most  abundant  on  the  western  slopes  of  the 
southern  Appalachians  and  in  the  lower  Ohio  Valley.  Shellbark  hickory  is  found  from  cen- 
tral" New  York  to  eastern  Nebraska,  and  south  to  North  Carolina  and  Oklahoma,  and  is  most 
abundant  in  the  bottom  lands  of  central  Missouri  and  the  lower  Ohio  Basin.  Pignut  occurs 
from  southern  Maine  to  Nebraska  and  south  to  the  Gulf  of  Mexico.  It  is  most  abundant  in 
Missouri  and  Arkansas,  and  grows  to  largest  size  in  the  Lower  Ohio  River  Basin.  Mockernut 
occurs  from  southern  Ontario  to  Kansas  and  south  to  Florida  and  Texas,  and  is  abundant  in 
the  lower  Ohio  Valley,  Missouri,  Arkansas,  and  the  South  Atlantic  and  Gulf  costal  regions.  Bit- 
ternut  coveis  about  the  same  range  as  pignut,  except  that  it  is  not  found  quite  so  far  south.  It 
is  abundant  in  all  of  the  Central  and  Northeastern  States,  and  is  the  most  common  hickory  of 
Iowa,  Nebraska,  Kansas,  and  southern  New  England.  Water  hickory  grows  in  swamps  of 
the  coastal  plain  from  southern  Virginia  to  Texas  and  up  the  Mississippi  Valley  to  southern 
Illinois.  It  is  most  abundant  in  Louisiana,  Arkansas,  and  Mississippi.  Nutmeg  hickory  is 
found  from  South  Carolina  to  Mexico,  and  is  most  abundant  in  southern  Arkansas.  Pecan 
occurs  in  the  Mississippi  Valley  from  Iowa  to  Texas,  oast  to  southern  Indiana  and  central  Ala- 
bama, anel  west  to  eastern  Kansas  and  Oklahoma. 
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USE  IN  AIRCRAFT. 

Wood  of  the  first  four  species  named  above  has  been  suggested  as  a  possible  substitute 
for  asb  in  longerons,  since  it  is  tough  and  strong,  though  heavier  than  ash.  So  far  as  known, 
hickory  has  not  been  used  for  longerons.  It  is  used  to  some  extent  for  landing  skids.  The 
other  species  are  less  shock  resistant  and  considerably  inferior  to  these  four. 

SUPPLY  OF  TIMBER 

Hickory  usually  occurs  scattered  singly  or  in  groups  through  mixed  hardwood  forests 
at  low  and  medium  elevations.  Over  limited  areas  it  is  frequently  the  predominant  species. 
While  it  is  fairly  common  throughout  mest  of  its  range  except  in  the  higher  mountains,  it 
is  most  abundant  and  of  best  quality  in  the  rich  bottomlands  of  the  Mississippi  and  Ohio  Rivers 
and  their  tributaries.  In  this  region,  as  well  as  in  the  southern  Applachians,  there  are  still 
large  supplies  of  virgin  timher.  In  the  rest  of  the  country  most  of  the  hickory  is  second  growth,  * 
which,  however,  is  considered  to  be  fully  as  desirable  as  old-growth  timber. 

The  total  stand  of  hickory  can  only  be  guessed  at.  The  best  available  estimate  places 
it  at  about  16  billion  board  feet,  of  which  3  billion  feet  is  in  the  central  woodlot  region,  2 J  bil- 
lion feet  in  the  southern  Appalachians,  2  J  billion  feet  in  the  Atlantic  and  Gulf  coastal  region, 
and  7  billion  feet  in"thc  lower  Mississippi  Valley  region.  The  States  with  the  largest  supplies 
of  hickory  are,  in  about  the  following  order:  Arkansas,  Missouri,  Tennessee,  Kentucky,  North 
Carolina,  Louisiana,  Mississippi,  Alabama,  and  West  Virginia.  These  nine  States  have  about 
two-thirds  of  the  total  stand. 

The  standing  hickory  is  in  the  possession  of  a  considerable  number  of  large  owners  as  well 
as  of  a  multitude  of  smaller  holders.  It  is  a  very  common  and  widely  scattered  wood-lot  tree, 
and  occurs  in  large  quantities  on  the  holdings  of  lumber  companies  throughout  the  South. 

PRODUCTION  OF  LUMBER. 

A  large  part  of  the  hickory  used  in  the  United  States  does  not  go  through  regular  saw- 
mills, but  is  cut  directly  into  planks,  squares,  or  billets,  which  are  manufactured  into  spokes, 
handles,  rims,  and  other  products.  For  this  reason  the  census  figures  on  the  production  of 
hickory  lumber  do  not  give  a  sum  anywhere  near  the  total  production  of  hickory  used 
in  the  industries.  During  the  years  1913  to  1917  the  average  cut  of  hickory  lumber  was  about 
120  million  board  feet,  and  this  is  less  than  half  the  average  annual  cut  from  1907  to  1912, 
which  was  254  million  feet.    The  cut  is  steadily  declining. 

Arkansas,  Tennessee,  West  Virginia,  Mississippi.  Kentucky,  Indiana,  and  Ohio  lead  in 
the  production  of  hickory  lumber,  and  together  produce  nearly  three-fourths  of  the  total. 
Mississippi,  Ohio,  Louisiana,  Missouri,  and  Pennsylvania  are  also  important  producing  States. 

Hickory  from  virgin  forests  such  as  are  found  in  the  southern  Appalachians  and  in  the  lower 
Mississippi  region,  is  cut  in  considerable  quantities  by  large  hardwood  mills,  which  take  it 
along  with  their  other  timber.  The  great  bulk  of  the  hickory  production,  however,  comes 
from  small  or  medium-sized  mills.  Many  small  operators  specialize  on  hickory  squares  and 
billets,  which  are  not  recorded  in  lumber  census  reports.  For  the  year  1917,  only  six  mills 
reported  cuts  of  more  than  a  million  board  feet  of  hickory  lumber,  while  about  150  reported 
cuts  between  100  thousand  and  1  million  feet. 

The  proportion  of  the  hickory  cut  that  would  he  suitable  for  airplane  work  depends  very 
largely  upon  the  sizes  in  which  it  would  bo  wanted.  For  short,  narrow  strips,  such  as  are  used 
for  skids,  a  very  large  part  of  the  cut  would  be  suitable. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Available  figures  on  the  amounts  of  hickory  used  about  six  years  ago  by  various  indus- 
tries indicate  a  total  consumption  of  390  million  board  feet,  which  is  50  per  cent,  or  130 
million  feet,  in  excess  of  the  average  lumber  cut  for  the  five  years  previous  to  that  time.  The 
total  cut  of  hickory  lumber  has  fallen  off  to  about  40  per  cent  of  what  it  was  then,  but  it  is 
not  known  whether  or  not  the  total  consumption  of  hickory  has  fallen  off  to  the  same  extent. 
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Of  tho  total  of  390  million  feet,  62  per  cent  was  used  by  the  vehicle  industry,  which  took 
more  hickory  than  any  other  wood,  and,  with  the  exception  of  oak,  more  hickory  than  all  other 
woods  combined.  Handle  manufacturers  used  31  per  cent  of  the  total.  Forty-three  per  cent 
of  all  wood  used  for  handles  was  hickory.  Agricultural  implements  took  about  2\  per  cent, 
athletic  goods,  li  per  cent,  and  numerous  other  industries,  small  quantities. 

Most  of  the  hickory  cut  is  used  in  the  woodworking  centers  of  the  Central  and  Eastern 
States.  In  1913  about  8  million  feet  of  hickory  in  the  log  was  exported,  and  this  went  chiefly 
to  Canada,  South  Africa,  Australia,  and  Germany. 

SUGAR  MAPLE. 

{Acer  saccharum.) 

This  species  is  also  known  as  hard  maple,  rock  maple,  and  black  maple. 

DISTRIBUTION. 

The  range  of  sugar  maple  extends  from  southern  Newfoundland  to  Minnesota,  and  south  to 
eastern  Texas  and  northwestern  Florida.  It  is  of  commercial  importance  chiefly  in  the  Lake 
States,  the  Northeast,  and  along  the  Appalachian  Range  to  northern  Georgia.  The  best  maple 
comes  from  Michigan,  especially  from  the  lower  peninsula. 

USE  IN  AIRCRAFT. 

Sugar  maple,  being  quite  heavy,  hard,  stiff,  resistant  to  wear,  and  of  uniform  texture,  is  a 
fairly  satisfactory  propeller  wood,  and  has  been  so  used  where  the  requirements  were  not  too 
exacting.  Because  of  the  same  qualities  it  makes  excellent  face  ply  and  finish.  It  has  also 
been  approved  for  bent  work,  skids,  and  engine  beard's.  Its  comparative  abundance,  wide 
distribution,  accessibility,  and  comparative  cheapness  promise  for  it  an  important  future  in 
airplane  manufacture. 

SUPPLY  OF  TIMBER. 

Sugar  maple  occurs  scattered  singly  or  in  groups  through  mixed  stands  of  hardwoods, 
most  important  of  which  are  birch,  beech,  and  basswood,  and  in  stands  of  hemlock  and  white 
pine.  It  seldom  forms  a  large  proportion  of  the  stand,  except  over  very  limited  areas.  Mature 
trees  ordinarily  run  from  30  to  40  inches  in  diameter  and  from  100  to  120  feet  in  height,  often 
with  clear  boles  of  60  feet  or  more  when  grown  in  the  forest.  Most  of  the  maple  is  so  situated 
that  it  can  be  logged  without  any  great  difficulty,  although  much  of  it  is  not  tributary  to  exist- 
ing mills.  It  has  been  estimated  that  between  10  and  15  per  cent  of  the  remaining  stand  will 
be  cut  in  operations  now  in  progress. 

Accurate  data  on  the  total  stand  of  maple  timber  are  lacking,  as  is  the  case  with  most  of 
our  species.  The  best  available  estimates  indicate  that  there  is  between  40  and  50  billion  board 
feet  of  merchantable  size  (including  both  sugar  maple  and  the  soft  maples),  of  which  one-fourth 
is  in  Michigan,  and  nearly  three-fourths  in  the  following  nine  States:  Michigan,  New  York, 
Missouri,  Maine,  Wisconsin,  Arkansas,  Ohio,  Vermont,  and  Pennsylvania.  In  Missouri  and 
Arkansas  soft  maple  is  prevalent;  in  the  other  States  named,  sugar  maple  predominates.  About 
12  billion  feet  is  standing  in  New  England  and  New  York,  15  billion  feet  in  the  Lake  States,  and 
0  billion  feet  in  the  Appalachian  region. 

While  there  is  a  large  quantity  of  maple  in  the  aggregate  on  farmers'  woodlots  and  similar 
small  holdings  in  the  maple  region,  most  of  it  is  more  or  less  open-grown,  short-holed  timber 
which  will  not  produce  a  large  proportion  of  airplane  material.  Probably  the  greater  part  of 
such  material  will  come  from  virgin  forest  stands  such  as  exist  in  northern  New  England,  New 
York,  the  Lake  States,  and  along  the  Appalachians,  and  are  largely  owned  in  fair-sized  blocks 
by  lumber  or  land  companies. 

PRODUCTION  OF  LUMBER. 

The  annual  cut  of  maple  lumber  in  the  United  States  averaged  from  1913  to  1917,  inclusive, 
about  900  million  board  feet,  of  which  it  is  estimated  about  SO  per  cent  was  sugar  maple.  The 
cut  from  1907  to  1912  averaged  a  little  less  than  a  billion  feet  a  year.     While  there  is,  therefore, 
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a  gradual  decline  in  production,  the  rate  is  still  quite  well  maintained.  Forty  per  cent  of  the 
cut  comes  from  Michigan  and  seven-tenths  from  the  three  States  of  Michigan,  Wisconsin,  and 
West  Virginia.  In  Michigan  and  Wisconsin  more  than  95  per  cent  of  the  cut  is  made  by  large 
mills  whose  production  is  in  excess  of  one  million  feet  of  maple  each;  in  West  Virginia  about  80 
per  cent  is  cut  by  such  mills.  The  larger  concerns,  as  a  rule,  grade  their  lumber  more  carefully 
than  tlic  smaller  ones  and  arc  better  equipped  to  turn  out  well-manufactured,  high-grade 
material  in  quantity. 

Logging  is  carried  on  throughout  the  year  in  most  operations,  and  horse  logging  is  the 
rule,  although  a  few  of  the  larger  operators  use  steam.  Railroads  are  employed  in  many  of  the 
largo  enterprises. 

The  proportion  of  the  cut  which  is  suitable  for  use  in  aircraft  depends,  of  course,  upon  the 
purpose  for  which  it  is  wanted.  It  is  estimated  that  about  3  per  cent  will  be  of  the  size  and 
quality  suitable  for  propellers  if  plain-sawed  material  is  used,  or  1  to  1 J  per  cent  if  quarter- 
sawed  material  is  required.  About  15  per  cent  of  the  entire  cut,  or  of  that  part  of  it  produced 
by  larger  mills  at  least,  is  in  the  two  upper  grades  of  firsts  and  seconds,  while  about  25  per  cent 
is  No.  1  Common.    From  30  to  40  million  feet  of  maple  is  normally  cut  into  veneer. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

More  than  90  per  cent  of  the  cut  of  maple  lumber  is  further  manufactured.  Perhaps  the 
most  important  use  of  high-grade  sugar  maple  is  for  flooring.  Of  the  total  cut  of  all  species  of 
maple,  31.6  per  cent  is  made  into  planing  mill  products,  including  flooring.  In  quantity,  the 
maple  manufactured  by  planing  mills  is  exceeded  among -hardwoods  only  by  oak.  Of  the  maple 
lumber  cut,  13.5  per  cent  is  utilized  for  furniture  and  chairs,  and  the  amount  of  it  used  for  this 
purpose  is  exceeded  only  by  oak.  For  boot  and  shoe  findings,  5.4  per  cent  of  the  maple  cut  is 
used.  This  is  81  per  cent  of  all  the  lumber  taken  by  this  industry  and  does  not  include  the  large 
amount  of  maple  so  used  without  being  cut  into  lumber.  In  the  making  of  agricultural  imple- 
ments 4.8  per  cent  of  the  maple  cut  is  employed.  Oak  and  yellow  pine  are  the  only  woods  used 
more  extensively  in  this  industry  than  maple.  More  maple  than  any  other  wood  is  utilized  in 
making  musical  instruments,  the  percentage  being  4.5  of  the  total  cut.  For  the  manufacture  of 
handles,  4.1  per  cent  of  the  maple  cut  is  taken,  and  only  hickory  and  ash  are  used  in  larger 
amounts  than  maple  in  this  industry.  In  the  making  of  vehicles,  and  especially  for  the  frame-- 
work  of  trucks  and  automobiles,  3.6  per  cent  of  the  maple  cut  is  employed.  Two  per  cent  of 
the  maple  cut  is  made  into  fixtures,  and  oak  is  the  only  wood  used  more  largely  than  maple  for 
this  purpose.  Large  quantities  are  used  for  woodenware,  laundry  appliances,  spools  and  bob- 
bins, refrigerators,  car  construction,  trunks,  sporting  goods  (exceeded  only  by  hickory),  pro- 
fessional and  scientific  instruments  (exceeded  only  by  cedar  used  for  pencils),  and  toys.  The 
box  and  crate  industry  uses  9.6  per  cent  of  the  cut. 

Maple  flooring  is  sold  all  over  the  country.  The  maple  used  by  the  various  industries  is 
sold  largely  in  the  Central  and  Northeastern  States  where  these  industries  are  centered;  conse- 
quently, very  long  railroad  hauls  are  not  ordinarily  necessary. 

OAKS. 

WHITE  OAKS:  Wihtk  Oak  (Quercus  alba).    Post  Oak  (Quercus  minor).    Bur  Oak  (Quercus  macrocarpa).  Cow 
Oak  (Quercus  michaaxii).    Overcup  Oak  (Quercus  bjrata).    Chestnut  Oak  (Qaercus  prinus). 

RED  OAKS:  Red  Oak  (Quercus  rubra  or  borealis).    Texan  Oak  (Quercus  texana).    Pin  Oak  (Quercus  palustris). 
Scarlet  Oak  (Quercus  coccinea).    Yellow  (or  Black)  (Quercus  velutina).    Willow  Oak  (Quercus  phcllos). 
These  twelve  species  furnish  the  greater  part  of  the  oak  lumber  cut  in  the  United  States.    A  few  other  species  in 

each  group  furnish  small  quantities. 

DISTRIBUTION. 

Taken  together,  the  species  named  are  widely  distributed  throughout  the  United  States 
east  of  the  Great  Plains.  Numerous  species  of  scrub  oaks  of  little  or  no  value  for  lumber  occur 
in  the  southern  Rocky  Mountain,  Great  Basin,  and  Pacific  coast  regions,  while  several  species 
that  do  produce  some  lumber  occur  in  California  and  Oregon. 
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White  oak  occurs  from  southern  Maine  to  southern  Michigan,  southern  Minnesota,  eastern 
Nebraska,  and  Kansas,  and  south  to  Texas  and  Florida.  It  is  most  abundant  and  of  greatest 
commercial  importance  on  the  western  slopes  of  the  southern  Appalachians  and  in  the  lower  Ohio 
Valley  bottomlands.  Post  oak  occurs  from  southern  Massachusetts  to  Florida  and  west  to  Mis- 
souri and  Texas,  and  is  of  greatest  commercial  importance  on  dry'  uplands  of  the  Mississippi  basin. 
Bur  oak  occurs  from  Nova  Scotia  and  New  Brunswick  to  southern  Manitoba  and  eastern  Mon- 
tana, and  south  to  central  New  England,  Pennsjdvania,  central  Tennessee,  and  Texas.  It  is  of 
greatest  commercial  importance  in  southern  Indiana,  Illinois,  and  Missouri.  Cow  oak  occurs 
on  bottomlands  in  the  Coastal  Plain  and  Mississippi  Valley  regions  from  Delaware  to  Texas  and 
northward  as  far  as  southern  Illinois  and  Indiana.  It  is  of  greatest  commercial  importance  in 
the  lower  Mississippi  Valley.  The  range  of  overcup  oak  extends  from  Maryland  through  south- 
ern Indiana  to  southern  Missouri  and  south  to  Florida  and  Texas.  It  is  most  abundant  in 
the  lower  Mississippi  Valley  and  Gulf  regions.  Chestnut  oak  occurs  in  the  Appalachian  region 
from  central  New  England  to  Alabama,  and  is  most  important  commercially  in  the  Carolinas  and 
Tennessee. 

Red  oak  ranges  from  Nova  Scotia  to  north  of  Lake  Huron,  central  Kansas,  and  along  the 
mountains  to  Georgia.  It  is  commercially  important  chiefly  in  the  Northeastern  States. 
Texan  oak  occurs  in  the  Mississippi  Valley  from  Iowa  to  Texas  and  up  the  Atlantic  coast  to 
North  Carolina,  and  is  of  greatest  commercial  importance  on  the  lower  Mississippi  bottomlands. 

Pin  oak  occurs  from  southwestern  Xew  England  to  southern  Missouri  and  southward  to 
Virginia,  Kentucky,  and  northern  Arkansas,  and  is  most  abundant  in  the  lower  Ohio  basin. 
Scarlet  oak  occurs  from  southern  Maine  to  Nebraska,  south  to  Illinois  and  the  District  of 
Columbia,  and  along  the  mountains  to  North  Carolina.  It  is  most  abundant  in  the  Atlantic 
coast  region  from  Massachusetts  to  southern  New  Jersey.  Yellow  oak  occurs  from  southern 
Maine  to  central  Minnesota,  and  southward  to  northern  Florida  and  eastern  Texas.  It  is 
common  throughout  most  of  its  range.  Willow  oak  grows  in  bottomlands  of  the  Coastal 
Plain  region  from  Staten  Island  to  Texas  and  up  the  Mississippi  Valley  to  Missouri  and  Kentucky. 

USE  IN  AIRCRAFT. 

The  white  oaks  shrink  and  swell  with  the  weather  less  than  do  the  red  oaks.  They  glue 
well,  finish  well,  and  are  very  strong.  The  first  four  species  named  have  long  been  approved 
as  propeller  woods.  For  propellers,  quarter-sawed  material  is  considered  much  superior  to 
plain-sawed,  because  it  shrinks  less  in  a  radial  direction.  There  has  been,  so  far,  considerable 
prejudice  against  southern-grown  white  oaks.  Whether  this  prejudice  is  justified  is  not  yet 
fully  known,  but,  with  improved  technique  in  the  drying  and  working  of  lumber  from  these 
species  it  is  probable  that  they  may  make  satisfactory  propeller  woods. 

The  red  oaks  have  not  so  far  boon  used  to  any  extent  for  propellers.  It  is  possible,  however, 
that  selected,  quartered  red  oak,  at  least  of  the  northern  species,  may  be  found  satisfactory. 
There  is  considerable  variation  in  the  strength  properties  of  red  oak  lumber,  even  of  one  species. 
Moreover,  red  oak  is  more  likely  to  be  defective  than  white  oak. 

White  oak  of  the  four  approved  species  has  also  been  approved  for  structural  and  bent 
work  on  wings  and  fuselages. 

SUPPLY  OF  TIMBER. 

Oak  occurs  throughout  most  of  its  range  on  nearly  all  sites  except  the  highest  slopes  and 
ridges.  In  the  extreme  northern  part  of  the  United  States  it  does  not  make  up  an  important 
proportion  of  the  stand;  but  the  proportion  of  oak  increases  to  the  southward,  and  from  south- 
ern New  England  and  the  Central  States  to  the  Gulf  the  oaks  are  a  very  important  part  of  the 
hardwood  forests.  In  much  of  the  region  there  is  more  oak  than  all  other  hardwood  species 
combined.  Thus  the  oak  lumber  cut  in  the  States  of  Delaware,  Maryland,  Virginia,  Illinois, 
Kentucky,  Tennessee,  Missouri,  Oklahoma,  and  Texas  exceeds  the  cut  of  all  other  hardwoods, 
while  there  is  almost  as  much  oak  cut  as  all  other  hardwoods  combined  in  New  Jersey,  Penn- 
sylvania, North  Carolina,  Georgia,  Alabama,  West  Virginia,  Ohio,  Indiana,  and  Arkansas. 
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Only  very  rough  estimates  of  the  stand  of  oak  are  available,  and  these  do  not  distinguish 
the  different  species.  It  has  been  judged  that  about  47  per  cent  of  the  volume  of  all  oaks  be- 
longs in  the  white  oak  group,  and  53  per  cent  in  the  red  oak  group*  White  oak  proper  comprises 
nearly  22  per  cent  of  the  total,  and  the  four  species  that  have  been  approved  for  propellers 
constitute  approximately  one-third  of  the  total  stand  of  oak,  which  is  estimated  to  he  between 
150  and  175  billion  board  feet. 

About  40  per  cent  of  the  stand  of  oak  is  in  the  lower  Mississippi  Valley  region,  25  per  cent 
in  the  southern  Appalachain  region,  and  15  per  cent  in  the  central  woodlot  region.  Even  in 
the  Northeast  and  in  the  woodlot  region,  there  are  still  some  virgin  stands  of  oak,  which  have 
been  preserved  for  various  reasons.    Most  of  the  old-growth  oak,  however,  is  now  in  the  South. 

PRODUCTION  OF  LUMBER. 

During  the  period  1913  to  1917  the  average  annual  cut  of  oak  lumber  of  all  species  was 
approximately  3  billion  board  feet,  which  is  800  million  feet  less  than  the  average  cut  during 
the  preceding  six  years.  The  general  tendency  indicates  a  steady  decline  in  the  production  of 
oak,  as  the  virgin  supplies  become  more  nearly  exhausted.  Less  than  half  as  much  oak  lumber 
was  produced  in  1917  as  in  1907.  Besides  the  oak  sawed  into  lumber,  a  great  deal  that  is  fit 
for  Lumber  is  sawed  into  ties,  rived  into  staves,  or  used  for  veneer.  From  30  to  50  million  feet 
of  white  oak  is  made  into  veneer  every  year,  while  the  white  oak  hewed  into  ties  would  produce 
from  500  to  1,000  million  board  feet  of  lumber.  Nearly  half  of  the  oak  lumber  is  produced  in 
West  Virginia,  Tennessee,  Arkansas,  and  Kentucky,  and  eight-tenths  of  the  total  comes  from 
these  States  together  with  Virginia,  Mississippi.  Missouri,  North  Carolina-,  Pennsylvania,  and 
Ohio. 

More  than  half  of  the  sawmills  in  the  United  States  saw  oak  lumber.  These  include  the 
very  smallest  mills  as  well  as  some  of  the  largest.  For  the  year  1917,  22  mills  in  the  southern 
Appalachian  region  and  16  in  the  lower  Mississippi  Valley  region  reported  cuts  of  more  than  5 
million  feet  of  oak  each,  while  some  330  reported  cuts  of  between  1  and  5  million  feet  each. 
Most  of  these  mills  cut  other  species  as  well  as  oak ;  a  few  make  oak  a  specialty. 

Logging  in  most  of  the  oak  region  is  carried  on  during  the  greater  part  of  the  year,  though 
more  timber  is  cut  in  the  fall  and  winter  than  during  the  spring  and  summer  months.  The  small 
operators  and  many  of  the  larger  ones  use  animals  for  logging,  and  haul  logs  to  their  mills  by 
wagon,  truck,  or  rail.  Many  of  the  large  concerns  in  the  South  log  with  steam,  and  most  of 
them  operate  logging  railroads.  A  few  establishments,  particularly  in  the  fanning  sections, 
buy  logs  from  farmers  and  contractors. 

It  has  been  estimated  that  at  the  present  time  about  58  per  cent  of  the  oak  lumber  cut  is 
white  oak.  Of  this  about  27  per  cent  is  cut  into  sawed  ties  and  large  timbers,  and  20  per  cent  of 
the  remainder  grades  firsts  and  seconds.  To  get  quarter-sawed  material  8  inches  or  more  wide, 
such  as  is  wanted  for  propellers,  logs  23  inches  or  more  in  diameter  are  required.  Approximately 

15  per  cent  of  the  firsts  and  seconds  cut  by  the  larger  mills  will  make  quarter-sawed  propeller 
material.  About  two-thirds  of  the  white  oak  is  cut  by  these  larger  mills,  the  very  small  mills  not 
being  equipped  for  quarter-sawing.  On  this  basis,  about  0.85  of  1  per  cent  of  the  total  oak 
lumber  cut  will  be  suitable  for  propellers.  Of  course,  the  proportion  of  such  material  produced 
by  different  operators  will  vary  widely.  Mills  that  buy  selected  logs  can  cut  a  very  much  higher 
proportion  than  those  that  cut  their  own  logs  as  they  come  to  them. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

American  oak  lumber  is  sold  all  over  the  United  States  and  in  many  foreign  countries. 
During  the  fiscal  year  1913,  in  round  numbers,  3  million  feet  of  oak  logs  and  300  million  feet 
of  oak  lumber  was  exported  from  the  country.  By  far  the  greater  part  of  the  oak  used  in  the 
United  States  is  sold  in  the  territory  east  of  the  Mississippi  and  north  of  the  Ohio  and  Potomac 
Rivers. 

Nearly  40  per  cent  of  it  goes  into  ties,  timbers,  and  rough  lumber;  18  per  cent  into  furniture; 

16  per  cent  into  planing  mill  products  (flooring,  interior  finish,  etc.);  about  10  per  cent  (chiefly 
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low-grade  material)  into  boxes  and  crates;  7  per  cent  into  vehicles;  2  per  cent  each  into  agri- 
cultural implements,  fixtures,  and  railway  cars;  1  per  cent  each  into  shipbuilding  and  refriger- 
ators; and  smaller  amounts  into  most  of  the  other  industries  which  use  wood. 

High-grade  white  oak  of  large  sizes,  which  will  yield  propeller  material,  is  cut  largely  into 
lumber  for  furniture,  railway  cars,  and  shipbuilding,  or  into  veneers.  A  considerable  quantity, 
particularly  in  the  South,  is  rived  into  staves  for  tight  cooperage. 

YELLOW  POPLAR. 

(LirUxlendron  tulipifera.) 

This  species  is  also  known  as  tulip  poplar,  tulip  tree,  white  wood,  and  hickory  poplar.  Cucumber  (Mogilalia 
acuminata)  and  evergreen  magnolia  (M.foetida),  which  are  usually  cut  and  sold  with  poplar  and  have  about  the  same 
strength  properties,  are  included  with  it  in  the  following  discussion. 

DISTRIBUTION. 

Yellow  poplar  occurs  in  all  States  east  of  the  Mississippi  River  except  Maine,  New  Hamp- 
shire, Vermont,  and  Wisconsin,  and  occurs  also  in  Missouri,  Arkansas,  and  Louisiana.  Cucumber 
does  not  occur  quite  so  far  to  the  northeast  and  to  the  south  as  poplar.  Evergreen  magnolia 
is  found  principally  in  the  southern  Atlantic  and  Gulf  coast  regions.  Virgin  stands  of  poplar 
containing  large-sized  timber  are  now  to  a  considerable  extent  confined  to  the  Appalachian 
region  southward  from  Pennsylvania,  and  to  bottomlands  of  Tennessee,  Georgia,  and  Alabama. 

USE  IN  AIRCRAFT. 

Yellow  poplar  has  been  used  with  satisfactory  results  for  most  of  the  wooden  parts  of 
aircraft.  While  a  little  heavier  than  spruce  and  inferior  to  it  in  shock  resistance,  it  is  compar- 
atively strong,  free  from  checks  and  shake,  retains  its  shape  well,  and  is  easy  to  work.  It  is  a 
fairly  satisfactory  substitute  for  spruce  in  making  wing  beams  and  struts,  as  well  as  for  wing 
ribs,  and  has  been  used  to  some  extent  for  propellers,  particularly  by  the  French.  It  makes 
excellent  cores  for  plywood  and  has  been  so  utilized  in  considerable  quantities. 

Its  wide  distribution,  its  accessibility,  its  occurrence  within  easy  reach  of  centers  of  aircraft 
manufacture,  as  well  as  its  excellent  qualities,  make  yellow  poplar  a  very  important  species 
for  aircraft  construction. 

SUPPLY  OF  TIMBER. 

Yellow  poplar  never  occurs  in  pure  stands  over  considerable  areas,  but  appears  as  scattered 
individuals  or  groups  in  forests  of  mixed  hardwoods,  or  of  hardwoods  and  hemlock,  pine,  or 
occasionally  spruce.  In  the  southern  Appalachians,  the  region  of  its  greatest  abundance,  it 
constitutes  from  10  to  30  per  cent  of  the  stand  in  virgin  timber,  or  from  1  to  3  thousand  board  feet 
per  acre  over  extensive  areas.  Occasionally  single  acres  have  been  reported  having  as  much  as 
75,000  board  feet.  In  the  bottomlands  farther  south  a  smaller  proportion  of  the  stand  is  poplar. 
In  virgin  stands  trees  average  from  30  to  36  inches  in  diameter,  with  50  to  60  feet  clear  of 
branches;  diameters  of  6  feet  are  by  no  means  rare. 

Poplar  is  a  tree  of  the  lower  and  middle  slopes  and  coves,  and,  therefore,  to  a  considerable 
extent  is  in  fairly  accessible  places.  However,  part  of  the  region  where  it  grows  is  not  yet 
provided  with  road  or  railroad  facilities,  and  it  is  estimated  that  not  more  than  half  of  the 
remaining  virgin  stand  is  accessible  to  existing  sawmills. 

The  total  amount  of  standing  poplar  is  not  known.  Rough  estimates  place  it  at  about 
9J  billion  board  feet,  of  which  perhaps  7  billion  feet  is  virgin  timber.  Three-fourths  of  the 
total  stand  is  in  the  States  of  West  Virginia,  North  Carolina,  Tennessee,  Kentucky,  and  Virginia. 
All  but  a  few  million  feet  is  in  private  ownership.  The  greater  part  of  the  remaining  virgin 
timber  is  in  fairly  large  holdings  of  lumber  companies,  coal  companies,  and  land  investment 
companies.  Second-growth  stands  are  held  by  the  large  companies  and  by  many  small  owners 
in  different  parts  of  the  poplar  region. 
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PRODUCTION  OF  LUMBER. 

The  animal  cut  of  yellow  poplar  lumber  from  1913  to  1917  averaged  4S0  million  board 
feet,  and  is  steadily  declining.  About  one-half  as  much  is  now  cut  each  year  as  was  produced 
ten  years  ago.  West  Virginia  now  produces  one-fourth  of  the  total,  and  is  followed  by  Ten- 
nessee, Kentucky,  Georgia,  Virginia,  North  Carolina,  and  Alabama,  in  the  order  named.  These 
States  produce  more  than  90  per  cent  of  the  total  cut. 

About  one-half  of  the  total  is  cut  by  large,  well-equipped  mills  of  which  there  arc  approx- 
imately 75  cutting  more  than  one  million  feet  of  poplar  each.  Another  one-fourth  of  the  total 
is  cut  by  some  350  medium-sized  or  large  mills,  each  of  which  cuts  in  excess  of  100,000  board 
feet  of  poplar.  Small  mills  cut  the  rest,  mostly  from  second-growth  stands  which  produce 
very  little  high-grade  lumber.  Except  for  a  few  which  buy  logs  and  specialize  on  poplar,  all 
of  these  mills  cut  a  variety  of  species,  and  take  poplar  only  as  it  comes  in  the  stand.  Of  the 
lumber  cut  by  the  75  largest  producers,  18  per  cent  was  poplar,  and  by  the  smaller  producers, 
about  7  per  cent.  On  the  basis  of  their  rated  capacity  and-  these  proportions  of  poplar, 
large  mills  are  capable  of  producing  275  million  feet  of  poplar,  while  the  medium-sized  mills 
could  produce  150  million  feet.  The  smaller  mills,  which  now  cut  less  than  100  thousand  feet 
of  poplar  each,  could  probably  produce  100  million  feet  a  year  if  operated  to  their  full  capacity. 

At  the  present  rate  of  cutting,  the  existing  larger  mills  have  sufficient  standing  poplar  to 
last  them,  on  the  average,  from  10  to  12  years.  It  seems  probable  that,  after  the  next  15  to  20 
years,  almost  the  entire  cut  will  come  from  small  mills  and  largely  from  second-growth  stands. 

Logging  is  now  done  with  steam  quite  generally  in  the  southern  part  of  the  poplar  region, 
while  horses  are  commonly  used  in  West  Virginia.  Practically  all  of  the  large  operations  em- 
ploy railroads.  A  few  operators  use  motor  trucks  to  some  extent  to  bring  in  logs,  and  several 
large  companies  along  the  Ohio  River,  depend  upon  water  transportation.  Operations  are 
carried  on  throughout  the  year,  although  it  is  customary-  to  try  to  log  the  greater  part  of  the 
poplar  in  fall  and  winter,  on  account  of  the  tendency  of  logs  to  sapstain  when  they  are  cut  during 
the  summer.  Logs  are  seldom  cut  more  than  10  feet  in  length,  though  longer  ones  can  be  gotten 
out  by  the  larger  operators  when  such  material  is  wanted. 

Under  normal  conditions  no  particular  effort  is  made  to  saw  straight-grained  material,  but 
the  larger  producers  use  considerable  care  to  saw  lumber  of  the  upper  grades.  Poplar  is  char- 
acteristically straight  grained,  with  little  taper,  so  that  probably  75  per  cent  of  the  clear  lumber 
produced  has  grain  straight  enough  to  make  it  suitable  for  aircraft  use. 

Most  of  .the  airplane  material  will  probably  come  from  the  upper  grades,  including  panel, 
wide  No.  1 ,  firsts  and  seconds,  and  saps  and  selects.  The  proportion  of  this  material  that  is 
produced  varies  widely  with  different  stands  and  regions.  The  average  figure  for  the  large 
mills  is  about  26  per  cent,  and  it  is  estimated  that  perhaps  75  per  cent  of  this  amount  will  be 
suitable  for  airplanes.  Probably  not  more  than  5  or  6  per  cent  of  the  material  from  second- 
growth  stands  will  meet  present  airplane  standards.  It  is  judged  that  approximately  60  million 
board  feet  of  the  present  cut  of  350  million  feet  will  fulfill  the  requirements  for  airplane  work 
if  it  is  sawed  to  the  desired  sizes. 

In  addition  to  the  above  lumber  cut,  from  25  to  35  million  feet  of  yellow  poplar,  chiefly 
high-grade  material,  is  ordinarily  cut  into  veneer  each  year.  Much  of  this  is  suitable  for  air- 
plane plywood. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Practically  the  entire  cut  of  yellow  poplar  is  further  manufactured,  and  it  is  used  by  a  very 
great  variety  of  industries.  Thirty-three  per  cent  of  the  cut  is  made  into  sash,  doors,  finish, 
siding,  and  other  planing  mill  products.  For  furniture,  including  chairs,  7h  per  cent  is  used. 
Seven  per  cent  goes  into  vehicles,  and  only  hickory  and  oak  are  used  in  largerquantitiesby  this 
industry.  Six  per  cent  is  employed  in  making  musical  instruments.  In  this  industry,  maple 
is  the  only  wood  more  largely  used  than  poplar.  For  car  construction,  4^  per  cent  of  the  poplar 
cut  is  taken,  and  oak  is  the  only  hardwood  more  extensively  employed.  In  manufacturing 
bungs  and  faucets,  2k  per  cent  of  the  poplar  is  utilized— 86  per  cent  of  all  the  wood  used  by  this 
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industry.  Two  per  cent  is  made  into  fixtures,  and  the  same  amount  into  agricultural  imple- 
ments. A  large  number  of  industries  use  smaller  quantities.  Box  and  crate  manufacturers 
take  23  per  cent  of  the  cut,  mostly  low  grade  material. 

Yellow  poplar  is  sold  in  large  quantities  in  the  Central  and  Northeastern  States,  where 
most  of  the  wood-using  industries  are  located.  Considerable  quantities  are  normally  exported 
to  the  countries  of  western  Europe,  in  whose  markets  American  yellow  poplar  is  a  standard  wood. 

BLACK  WALNUT. 

(JugUim  nigra.) 
DISTRIBUTION. 

Black  walnut  occurs  from  southern  New  England  to  southern  Ontario,  southern  Minnesota, 
and  south  to  eastern  Texas  and  Florida.  It  reaches  its  best  development  and  is  found  in  largest 
quantities  in  the  central  woodlot  region  centering  in  Ohio,  Indiana,  Illinois,  eastern  Iowa, 
Missouri,  Kentucky,  Tennessee,  and  West  Virginia.  It  has  also  been  planted  to  some  extent 
beyond  its  natural  range.  The  small  quanta  ties,  limited  distribution,  and  habits  of  growth  of 
the  other  black  walnut  species,  the  Mexican  and  California  walnuts,  render  them  of  no  impor- 
tance as  a  source  of  airplane  material. 

USE  IN  AIRCRAFT. 

Black  walnut  makes  the  best  propellers  of  any  native  species.  It  is  easy  to  work,  finishes 
well,  is  very  resistant  to  wear  and  to  shocks,  and  retains  its  place  remarkably  well.  It  also 
makes  excellent  facing  plywood,  both  flat  and  bent. 

While,  on  account  of  the  scarcity  of  the  remaining  high-grade  walnut  and  its  consequent 
high  price,  other  woods  may  in  the  future  come  to  be  used  much  more  for  propellers,  it  is  likely 
that  walnut  will  always  be  an  important  wood  for  this  purpose. 

SUPPLY  OF  TIMBER. 

Walnut  has  been  in  demand  for  many  years  for  furniture,  veneers,  cabinet  work,  and  gun- 
stocks,  and  the  once  large  supply  was  already  greatly  reduced  prior  to  1914.  Since  that  year, 
and  particularly  since  1917,  the  enormous  demand  for  walnut  for  war  uses  has  made  serious 
inroads  on  the  remaining  accessible  supply. 

It  occurs  scattered  singly  through  stands  of  mixed  hardwoods,  and  is  a  very  common 
field  or  roadside  tree  in  the  region  of  its  best  development.  The  cut  in  recent  years  has  probably 
come  largely  from  trees  grown  in  the  open  or  in  groves.  The  best  trees  are  found  in  fairly 
rich  agricultural  soil,  where  they  grow  somewhat  rapidly  and  reach  large  size.  The  average 
trees  that  remain  in  the  more  Northern  States  are  somewhat  smaller  than  those  in  the  States 
farther  south,  but  are  of  better  quality.  Eighty  per  cent  of  the  logs  now  cut  run  between  12 
and  20  inches  in  diameter  at  the  small  end.  The  open-grown  walnut  timber  is,  of  course, 
practically  all  accessible,  but  a  large  part  of  that  grown  in  the  forest  is  some  distance  back 
from  roads  and  not  easy  to  get  at. 

Estimates  of  the  existing  stand  of  walnut  are  very  unsatisfactory  and  differ  widely.  The 
best  available  figures,  which  probably  do  not  allow  for  the  greatly  stimulated  cut  during  the 
past  two  or  three  years,  indicate  a  stand  of  about  850  million  board  feet.  The  eight  States, 
Missouri,  Illinois,  Tennessee,  Kentucky,  Ohio,  Arkansas,  and  Indiana,  have  about  70  per  cent 
of  the  total  stand.  The  entire  amount  is  distributed  about  as  follows:  Central  woodlot  region, 
550  million  feet;  southern  Appalachian  region,  200  million  feet;  Gulf  and  Atlantic  States,  100 
million  feet.  This  estimate  includes  all  trees  over  8  inches  in  diameter;  therefore,  the  stand  of 
timber,  about  16  inches  in  diameter  and  upward,  that  will  produce  airplane  material, .must  be 
very  much  smaller.  By  far  the  greater  part  of  the  standing  walnut  is  widely  scattered  and  is 
in  the  hands  of  small  holders,  most  of  whom  are  farmers  rather  than  timbcrland  owners. 


LOCATION  OF  IMPORTANT  PRODUCERS  OP 
BLACK  WALNUT   LUMBER  IN  1917 
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PRODUCTION  OF  LUMBER. 

Because  of  the  scattered  distribution  of  walnut  and  its  production  by  a  large  number  of 
small  mills,  figures  on  the  annual  cut  of  lumber  are  probably  far  from  complete.  The  average 
animal  cut  during  several  years  prior  to  1914  was  about  40  million  feet,  besides  considerable 
quantities  cut  into  veneer  or  exported  in  the  log.  Some  13  million  feet  of  logs  were  exported 
in  1913.  After  1914,  from  75  to  90  million  feet  a  year  was  cut  and  by  191S  a  much  larger  amount 
had  been  reached.  It  is  probable  that  the  production  of  walnut  lumber  will  soon  fall  back  to 
the  prewar  figure  or  considerably  below  it.  Indeed,. this  must  happen  unless  the  supply  of 
timber  is  much  larger  than  the  most  optimistic  estimates  have  allowed. 

Some  200  mills  normally  cut  walnut  lumber  along  with  other  woods.  Oidy  about  a  dozen 
mdls  ordinarily  specialize  on  walnut  to  the  exclusion  of  other  species,  and  these  probably  cut 
nearly  half  of  the  total.  Walnut  mills  draw  on  wide  sections  of  country  for  their  log  supply,  and 
have  to  maintain  considerable  forces  of  buyers  to  locate,  purchase,  and  assemble  the  logs  at, 
shipping  points.    Logs  are  often  shipped  300  miles  to  the  mill. 

Walnut  lumber  intended  for  ordinary  commercial  uses  is  generally  plain  sawed  in  order  to 
bring  out  the  grain,  and  no  particular  attempt  is  made  to  saw  straight-grained  material.  All  im- 
portant producers  are  now  entirely  familiar  with  sawing  airplane  material,  and  may  be  expected  to 
continue  to  saw  it  if  there  is  a  sufficient  demand  for  such  material  at  prices  that  will  attract  them. 

It  is  estimated  that  on  the  average  about  18  per  cent  of  the  log  scale  is  suitable  for  propeller 
stock,  considering  only  logs  12  inches  and  upward  in  diameter.  At  certain  nulls  the  propor- 
tion runs  considerably  higher.  In  some  instances  this  is  due  to  greater  care  being  exercised 
in  selecting  logs  for  purchase,  and  in  others  to  the  better  average  quality  of  the  walnut  that  is 
grown  in  the  North.  It  seems  likely  that  with  the  return  of  normal  conditions  the  quality  of 
logs  obtained  will  tend  to  deteriorate,  or  else  the  cut  will  fall  very  much  below  the  figures  at 
which  it  stood  in  recent  years. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Black  walnut  has  long  been  valued  for  cabinet-making  and  for  gunstocks.  It  is  normally 
employed  in  large  quantities  in  the  manufacture  of  sewing  machines,  musical  instruments, 
furniture,  interior  finish  and  fixtures,  and  for  many  lesser  uses.  It  is  widely  utilized  in  the 
wood-manufacturing  centers  of  the  United  States,  and  for  many  years  previous  to  the  war  was 
exported,  mostly  in  the  log.  The  greater  part  of  walnut  exports  formerly  went  to  Germany, 
and  considerable  quantities  to  Great  Britain.  During  the  war  large  quantities  of  propeller  and 
gunstock  material  were  sent  to  the  allied  countries,  particularly  France  and  Great  Britain. 

COTTONWOOD. 

COMMON  COTTON  WOOD  (Populus  deltoides) . 
This  species  is  also  known  as  big  cottomvood,  yellow  cottonwood,  and  Carolina  poplar. 

SWAMP  COTTONWOOD  (Populus  hctcrophylla). 
This  species  is  also  known  as  black  cottonwood,  river  cottonwood,  and  swamp  poplar. 

These  two  species  are  the  most  abundant  and  furnish  the  bulk  of  the  cut.  Small  amounts  of  various  species,  in- 
cluding Balm  of  Gilead,  narrow-leaf  cottonwood,  black  cottonwood  (western),  aspen,  and  others,  are  also  cut. 

DISTRIBUTION. 

The  common  cottonwood  occurs  over  practically  the  entire  United  States  east  of  the  Rocky 
Mountains,  except  in  the  extreme  Northeast  and  in  southern  Florida.  The  swamp  cottomvood 
is  largely  confined  to  the  Coastal  Plain  from  Connecticut  to  western  Louisiana,  and  up  the 
Mississippi  valloy  to  southern  Illinois  and  Indiana.  The  optimum  region  for  both  is  the  valley 
of  the  lower  Mississippi  with  its  tributary  streams. 
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USE  IN  AIRCRAFT. 

Cottonwood  is  low  in  its'  strength  properties,  but  is  light,  tough,  and  fairly  easy  to  work. 
Furthermore,  it  is  cheap,  fairly  abundant,  and  accessible.  It  has  been  employed  to  some  ex- 
tent for  plywood  cores,  in  aircraft  construction,  and  its  use  for  this  purpose  may  be  considerably 
extended. 

SUPPLY  OF  TIMBER. 

The  greater  portion  of  the  Cottonwood  lumber  cut  is  from  the  common  cottonwood.  It  is 
found  principally  along  streams  and  often  in  pure  stands  or  mixed  with  willows  over  small  areas. 
Such  stands  are  usually  very  open.  Much  of  the  mature  cottonwood  is  associated  with  ash, 
soft  maple,  sycamore,  red  gum,  tupelo,  cypress,  oaks,  and  other  hardwoods,  in  mixed  stands. 
In  the  lower  Mississippi  valley  the  trees  reach  large  size,  with  diameters  of  from  4  to  6  feet  and 
heights  between  125  and  175  feet.  Growth  is  extremely  rapid  and  yields  per  acre  are  relatively 
large.  The  swamp  cottonwood  grows  in  similar  situations  and  is  cut  along  with  the  common 
cottonwood. 

The  available  estimates  of  the  stand  of  cottonwood  are  very  rough  and  unsatisfactory. 
It  has  been  judged  that  there  is  approximately  10  billion  board  feet  in  trees  above  8  inches  in 
diameter.  Two-thirds  of  it  is  in  Arkansas,  Louisiana,  Missouri,  Mississippi,  and  Oklahoma. 
More  than  three-fourths  is  in  the  lower  Mississippi  valley  region,  a  little  more  than  a  billion  feet 
in  the  Coastal  Plain  rogion,  and  possibly  three-fourths  billion  feet  in  the  Great  Lakes  region. 
Most  of  the  extensive  stands  of  the  Mississippi  region  are  owned  by  large  lumber  companies. 
The  cottonwood  in  Kansas,  Iowa,  Minnesota,  Illinois,  and  Indiana  is  mostly  in  planted  groves 
and  owned  in  small  units  by  farmers  and  others. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  cottonwood  lumber  in  the  United  States  between  1913  and  1917 
was  195  million  board  feet,  which  is  nearly  50  million  feet  less  than  the  average  cut  during  the 
preceding  six  years.  In  addition,  large  amounts  of  cottonwood  are  cut  into  veneer,  excelsior, 
and  pulpwood.  The  cut  is  gradually  decreasing,  which  indicates  that  the  supply  of  standing 
timber  is  probably  becoming  limited.  Considering  the  rapid  growth  of  cottonwood,  however, 
it  would  seem  that  the  present  rate  of  cutting  might  be  maintained  almost  indefinitely  if  the 
forests  are  carefully  handled. 

The  most  important  cottonwood-producing  State  is  Mississippi,  which  cuts  more  than  one- 
fourth  of  the  total.  A  close  second  is  Arkansas,  followed  by  Louisiana,  Minnesota,  and  Missouri. 
These  five  States  cut  about  three-fourths  of  the  total.  The  cut  in  Minnesota  is  chiefly  aspen 
and  Balm  of  Gilead,  and  no  mill  in  that  State  reports  a  cut  in  excess  of  a  million  board  feet  of 
cottonwood.  In  the  South,  27  mills  reported  for  1917  cuts  of  between  1  and  5  million  feet,  and 
9  mills  reported  cuts  in  excess  of  5  million  feet. 

Cottonwood,  together  with  associated  species,  is  logged  to  stream  banks,  usually  by  animals, 
and  from  there  it  is  usually  towed  on  barges  or  in  rafts  to  the  mills,  which  are  often  many  miles 
distant.  Logging  operations  proceed  throughout  the  year,  except  as  they  maj^  be  interfered 
with  by  floods.  The  lumber  that  might  bo  used  for  aircraft  will  come  largely  from  material 
gradod  as  wagon-box  boards  and  firsts  and  seconds.  The  proportion  of  these  grades  in  the 
lumber  cut  varies  from  about  25  per  cent  in  comparatively  young  stands  to  40  or  50  per  cent  in 
old  stands  of  large  timber.  These  figures  apply  to  the  lower  Mississippi  valley  cottonwood 
oid}7 ;  the  proportion  is  probably  smaller  in  the  stands  farther  to  the  north. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

Practically  the  entire  cut  of  cottonwood  lumber  is  further  manufactured.  Cottonwood 
is  in  great  demand  for  boxes  and  crates,  and  nearly  two-thirds  of  the  lumber  cut  is  used  by  tins 
industry.  The  vehicle  industry  uses  about  10  per  cent  of  the  cut,  chiefly  for  wagon-box  boards, 
which  requre  high-grade  material.  Slightly  more  than  6  per  cent  goes  into  planing-mill  prod- 
ucts, 5  per  cent  into  agricultural  implements,  4  per  cent  into  woodenware,  nearly  3  per  cent 
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into  laundry  appliances,  about  2  per  cent  into  furniture.  Refrigerators,  trunks,  railroad  cars, 
musical  instruments,  and  fixtures  take  considerable  quantities.  Cottonwood  veneer  in  the  form 
of  plywood  is  widely  used  for  furniture,  musical  instruments,  and  similar  uses.  A  great  deal 
of  cottonwood  not  reported  in  the  lumber  cut  figures  goes  into  excelsior,  and  a  large  amount 
is  made  into  pulp  for  paper  manufacture. 

Cottonwood  is  used  throughout  most  of  the  United  States,  and  considerable  quantities  of 
plywood  made  from  it  were  shipped  to  Europe  before  the  war. 

RED  GUM. 

(Liquidambar  slyraeijltia.) 
This  species  is  also  known  a<(  satin  walnut,  sweet  gum,  and  liquidambar. 

DISTRIBUTION. 

Red  gum  occurs  from  southern  Connecticut  to  southeastern  Missouri  and  south  to  Texas 
and  Florida.  It  reaches  its  best  development  and  is  most  abundant  in  the  lower  Mississippi 
valley,  from  the  mouth  of  the  Ohio  River  southward. 

USE  IN  AIRCRAFT. 

Red  gum  is  an  excellent  material  for  the  manufacture  of  plywood,  and  is  so  used  to  a  very 
great  extent  for  commercial  purposes.  Its  use  has  been  approved  for  airplane  plywood.  The 
large  and  fairly*  accessible  supply  of  this  species  makes  it  a  promising  wood  for  future  use  in 
the  aircraft  industry. 

SUPPLY  OF  TIMBER. 

.  Such  incomplete  estimates  as  are  available  indicate  a  total  stand  of  red  gum  of  approx- 
imately 44  billion  board  feet;  of  this  amount  30  billion  feet  is  in  the  Mississippi  Valley,  includ- 
ing tributary  streams,  and  14  billion  feet  is  in  the  Atlantic  and  Gulf  Coastal  Plain  region. 
Tne  States  having  the  largest  supplies  are,  in  the  order  named:  Mississippi,  Arkansas,  Louisiana, 
Texas,  Alabama,  Georgia,  South  Carolina,  and  North  Carolina.  These  States  together  have 
about  80  per  cent  of  the  total. 

Although  limited  areas  of  young  stands  are  occasionally  found,  red  gum  usually  occurs 
scattered  through  mixed  hardwood  stands.  It  grows  chiefly  on  bottom  lands  more  or  less 
subject  to  overflow  during  part  of  the  year.  Its  associates  include  such  species  as  cottonwood, 
soft  maple,  ash,  tupelo,  oaks,  pecan,  cypress,  and  sycamore.  The  gum  is  frequently  the  pre- 
dominant species.    Mature  trees  often  reach  diameters  of  4  or  5  feet  or  even  more. 

The  greater  part  of  the  remaining  stand  of  mature  gum  is  owned  by  large  land  and  lumber 
companies.  Since  the  gum  land  will  for  the  most  part  be  suitable  for  agriculture  when  drained, 
it  seems  probable  that  the  supply  of  timber  when  once  removed  will  never  be  renewed  in  any- 
thing like  the  original  quantity. 

PRODUCTION  OF  LUMBER. 

The  average  annual  cut  of  red  gum  lumber  between  1913  and  1917  was  740  million  feet, 
or  about  100  million  feet  more  than  the  average  cut  during  the  preceding  six  years.  In  1917 
it  was  about  790  million  feet.  Production  of  this  species  will  probably  not  fall  below  the  pre- 
sent figure  for  several  years.  The  figures- given  do  not  include  the  largo  amounts  cut  for  veneer. 
In  1910  and  1911,  the  last  years  for  which  reports  on  that  product  are  available,  nearly  150 
million  feet,  log  scale,  of  red  gum  was  cut  into  veneer,  practically  all  by  the  rotary  process. 
About  35  mills  reported  for  1917  cuts  of  red  gum  in  excess  of  5  million  feet  each.  All  of  these 
are  in  the  lower  Mississippi  region.  About  200  mills  in  this  region  and  35  in  the  Atlantic 
coast  region  reported  cuts  of  between  500  thousand  and  5  million  board  feet.  Arkansas  leads 
in  the  production  of  red  gum,  and  is  followed  by  Mississippi  and  Louisiana.  These  three  States 
cut  about  two-thirds  of  the  total. 

Logs  are  generally  cut  in  the  fall  and  allowed  to  season  somewhat  before  being  towed  out 
on  rafts  or  barges.  A  few  operators  in  drier  territory  have  railroads  and  use  steam  in  logging. 
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Usually  only  the  larger  trees  are  cut,  since  small  trees  contain  a  large  proportion  of  sapwood, 
which  brings  comparatively  low  prices. 

It  is  estimated  that  from  20  to  25  per  cent  of  the  cut  in  the  Mississippi  region  is  firsts  and 
seconds  clear  heart,  while  in  the  coast  region  not  more  than  from  5  to  8  per  cent  is  of  this  grade. 
Clear  sap  runs  about  25  per  cent  in  the  valley  States  and  32  per  cent  on  the  coast.  Material 
suitable  for  aircraft  veneer  would  probably  correspond  to  these  two  grades. 

MARKETS  AND  USES  FOR  THE  LUMBER. 

A  very  large  proportion  of  the  clear  heart  gum  used  to  be  exported  to  the  countries  of 
western  Europe  and  around  the  Mediterranean,  where  it  is  in  great  favor  for  furniture  and  finish. 
Practically  all  of  the  rest  is  used  in  industries  in  this  country,  almost  none  being  consumed  as 
rough  lumber. 

Approximately  half  of  the  lumber  and  veneer  used  in  this  country  is  made  into  boxes  and 
crates.  The  quantity  of  red  gum  used  by  this  industry  is  surpassed  only  by  that  of  white  and 
yellow  pines.  Fifteen  per  cent  is  used  for  planing-mill  products,  chiefly  finish.  Thirteen  per 
cent  goes  into  furniture,  3  per  cent  into  vehicles  (wagon  boxes),  2  \  per  cent  into  sewing  machines, 
and  smaller  quantities  into  a  great  variety  of  industries. 

MAHOGANY. 

CENTRAL  AMERICAN  MAHOGANY  (Svnetenia  mahagoni  and  S.  macrophylla). 

AFRICAN  MAHOGANY  (Khaya  senegalensis). 

Numerous  other  species  of  Khaya,  Entandrophragma,  Trichilia,  and  other  genera  are  also  sold  a?  African  mahogany 

PHILIPPINE  MAHOGANY  (Shorea  polyspermia). 

This  species  is  also  sold  under  the  name  of  Tanguile  or  Bataan  mahogany.  Red  Lauan  (S.  negrosensis)  is  some- 
times called  Philippine  mahogany. 

DISTRIBUTION. 

True  mahogany  (the  American  species)  occurs  from  southern  Florida  to  Colombia,  Vene- 
zuela, and  Briti  sh  Guiana.  It  is  most  abundant  in  southern  Mexico  (Vera  Cruz,  Tabasco,  Cam- 
peche,  and  Chiapas  districts),  in  Central  America,  and  in  the  larger  islands  of  the  West  Indies. 

African  mahogany  is  found  in  the  forest  belt  of  the  west  coast  of  Africa  from  the  Senegal 
River  to  the  southern  boundary  of  Angola,  and  across  central  Africa  to  German  East  Africa 
and  Madagascar.  The  largest  supplies  are  in  a  belt  varying  in  width  from  a  few  miles  up  to  200 
miles,  from  the  Senegal  River  to  the  Niger,  and  in  a  narrower  strip  from  southern  Nigeria  to  the 
northern  part  of  French  Congo.  The  best  species,  Khaya  senegalensis, 'is  nearly  all  between  the 
Senegal  and  the  Niger,  although  it  is  scattered  to  some  extent  in  the  forests  of  East  Africa. 

The  so-called  Philippine  mahoganies  occur  in  the  Philippines  and  in  neighboring  parts  of 
Malaysia. 

USE  IN  AIRCRAFT. 

The  true  mahogany  is  a  most  excellent  propeller  wood,  and  has  been  very  extensively  used  for 
that  purpose.  Selected  pieces  of  African  mahogany  are  as  satisfactory  as  the  true  mahogany,  but 
on  account  of  the  wide  variation  in  strength  properties  between  the  different  species  and  between 
different  lots  of  lumber  from  tbe  same  species,  together  with  the  difficulties  in  distinguishing 
the  different  species  by  inspection,  African  mahogany  has  not  been  popular  as  a  propeller  wood. 
The  Bataan  mahogany  from  the  Philippines  has  also  found  a  limited  use  for  propellers. 

Both  the  American  and  the  African  mahoganies  make  excellent  plywood,  but  will  hardly 
be  used  for  that  purpose  on  a  large  scare  because  of  their  high  cost  as  compared  with  native 
woods  which  are  quite  as  satisfactory. 

SUPPLY  OF  TIMBER. 

Mahogany  occurs  as  a  scattered  tree  in  dense  tropical  forests,  which  are  composed  of  a 
very  large  number  of  species.  This  is  equally  true  of  the  Central  American  and  the  African 
species.  The  supplies  of  standing  timber  are  very  little  known  except  in  the  regions  which 
have  been  worked  for  years. 
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The  total  stand  of  true  mahogany  in  Central  America  and  Mexico  has  hcen  roughly  esti- 
mated at  19  billion  450  million  board  feet,  and  that  in  Cuba  at  750  million  board  feet.  Of 
this,  about  one-third  is  available  to  present  operations;  the  rest  can  be  reached  only  by  the  con- 
struction of  railroads  or  by  the  introduction  of  different  methods  of  logging.  Mexico  has  15 
billion  feet,  Honduras  If  billion  feet,  Nicaragua  li  billion  feet,  Guatemala  three-fourths  of 
a  billion  feet,  Costa  Pica  one-fourth  of  a  billion  feet,  and  Panama  and  British  Honduras  100  mil- 
lion feet  each.  Information  is  not  available  regarding  the  supplies  in  the  West  Indies,  with 
the  exception  of  Cuba,  or  in  South  America.  The  true  mahogany  reaches  diameters  of  from  4 
to  6  feet  and  heights  of  100  feet  or  more.  The  logs  which  are  produced  now  do  not  average  as 
large  as  did  those  produced  earlier,  because  the  best  of  the  accessible  timber  has  been  removed. 

Almost  nothing  is  known  regarding  the  stand  of  African  mahogany,  except  that,  as  com- 
pared with  the  present  consumption,  the  supply  is  almost  unlimited.  The  largest  quantities 
of  Smegal  mahogany  are  in  the  Liberia,  Ivory  Coast,  and  Gold  Coast  territories,  while  there 
are  large  amounts  of  other  species  in  Kamerun,  French  Congo,  Lagos,  southern  Nigeria.  Spanish 
Guinea,  and  smaller  amounts  in  Sjnegal,  Sierra  Leone,  Angola,  Belgian  Congo,  and  Madagascar. 
African  mahogany  trees  are  very  largo,  so  that  4  or  5  foot  squared  logs  are  common. 

The  supply  of  Philippine  mahogany  (Bataan)  available  to  the  larger  existing  plants  is 
estimated  at  about  5,400  million  board  feet. 

PRODUCTION  OF  LUMBER. 

Almost  all  of  the  Central  American  anil  African  mahogany  cut  is  exported  from  the  produc- 
ing countries.  Most  of  it  is  shipped  in  the  log  or  hewed  into  square  timbers.  Logs  are  cut  by 
natives,  who  work  either  for  contractors  or  directly  for  the  mahogany  firms,  and  the  production 
varies  considerably  from  year  to  year,  depending  upon  markets,  weather  conditions  (particularly 
in  Central  America,  where  the  mahogany  logs  are  taken  down  to  the  coast  by  river  Hoods),  and 
other  factors.  Logging  operations  are  usually  carried  on  almost  entirely  by  hand  labor.  A 
few  large  concerns  use  steam  or  gasoline  tractors  to  haul  their  logs,  but  in  most  operations  even 
the  largest  logs  are  pulled  to  the  streams  by  natives. 

The  exports  of  mahogany  from  South  and  Central  America  and  the  West  Indies  in  1913, 
which  was  a  fairly  representative  year,  amounted  approximately  to  100  million  tons  or  about 
50  million  board  feet.  Of  this  amount  the  United  States  used  about  half,  Great  Britain  about 
35  per  cent  (including  that  reexported  from  the  United  States),  and  Prance  nearly  all  of  the 
remainder.  The  exports  of  African  mahogany  in  the  same  year  amounted  to  about  150  million 
tons,  or  75  million  board  feet,  of  which  about  two-thirds  went  to  Great  Britain,  one-seventh 
to  the  United  States,  and  the  rest  was  about  equally  divided  between  France  and  Germany. 
Liverpool  is  the  great  mahogany  market  of  the  world,  and  much  of  the  mahogany  which  goes 
there  is  reexported.  In  1913,  the  United  States  imported  some  21  million  board  feet  of  ma- 
hogany from  Great  Britain.    This  was  doubtless  principally  African  mahogany  from  Liverpool. 

The  importation  of  mahogany  into  the  United  States  is  largely  controlled  by  a  few  com- 
panies. The  amount  of  lumber  sawed  in  this  country  varies  considerably  from  year  to  year, 
hut  for  the  past  five  or  six  years  the  reported  cut  has  averaged  between  20  and  25  million  board 
feet.  This  may  be  somewhat  less  than  the  actual  total  cut.  Leading  States  in  the  production 
of  mahogany  lumber  are  Louisiana  (New  Orleans),  Kentucky  (Louisville),  Indiana  (Indian- 
apolis), Illinois  (Chicago),  Ohio,  and  California.  From  28  to  42  per  cent  of  the  Central  American 
mahogany  that  is  imported  is  suitable  for  propellers.  The  proportion  of  African  mahogany 
that  might  be  so  used  can  not  be  estimated,  becauso>  the  character  of  the  timber  that  may  be 
received  is  uncertain. 

USES  FOR  THE  LUMBER. 

Before  the  war,  about  50  million  feet  of  mahogany  was  used  each  year  in  the  United  States. 
Thirty-six  per  cent  of  this  was  used  for  furniture,  17  per  cent  for  musical  instruments,  15  per 
cent  for  interior  finish,  12  per  cent  for  car  finish,  11  per  cent  for  fixtures,  3  per  cent  for  caskets 
and  coffins,  2  per  cent  for  ship  and  boat  finish,  and  small  quantities  for  various  other  purposes. 
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SPANISH  CEDAR. 

(Cedrela  odorata.) 

This  species  is  also  called  Indian  mahogany. 

DISTRIBUTION. 

Spanish  cedar  occurs  form  Tampico,  Mexico,  southward  to  Brazil,  and  through  the  West 
Indies.  A  closely  related  species,  the  toona  or  cedar  mahogany  (Cedrela  toona),  grows  in  the 
East  Indies. 

USE  IN  AIRCRAFT. 

Spanish  cedar,  being  light,  durable,  easily  worked,  and  strong  for  its  weight,  makes  excellent 
ply  wood,  and  has  been  used  to  a  considerable  extent  for  thin  planking  for  flying  boats  and  floats. 

SUPPLY  OF  TIMBER. 

This  species  occurs  in  about  the  same  situations  as  mahogany,  with  which  it  is  associated 
in  the  range  of  the  latter.  It  is  scattered  through  mixed  stands,  but  is  probably  somewhat 
more  abundant  than  the  mahogany.  Cedar  trees  reach  great  size,  diameters  up  to  6  feet  being 
not  uncommon.  Information  is  not  available  regarding  the  amount  of  standing  cedar  except 
that  it  is  known  to  be  large. 

PRODUCTION  OF  LUMBER. 

Spanish  cedar  is  frequently  cut  in  connection  with  mahogany.  Cedar  logs  are  often  used 
in  rafts  to  help  keep  the  heavier  mahogany  logs  afloat.  Considerable  quantities  of  cedar  are 
logged  independently.  Data  on  the  total  production  of  Spanish  cedar  are  not  at  hand.  From 
15  to  20  million  feet  is  imported  in  the  log  into  the  United  States  in  normal  years,  while  the 
imports  of  sawed  lumber,  chiefly  from  Cuba,  are  estimated  at  about  10  million  feet  a  year. 
Large  quantities  go  also  to  Liverpool,  London,  and  Hamburg.  Since  only  selected  material  is 
usually  imported,  a  very  large  proportion  of  it  would  be  suitable  for  use  in  aircraft.  Our 
largest  imports  are  from  Cuba.  Other  countries  which  supply  considerable  quanties  are  Brazil, 
Mexico,  British  Honduras,  Colombia,  Nicaragua,  Costa  Rica,  Panama,  and  Dutch  Guiana. 

USES  FOR  THE  LUMBER. 

Almost  the  entire  output  of  Spanish  cedar  is  normally  made  into  cigar  boxes.  In  the 
United  States  more  than  99  per  cent  of  the  cedar  used  goes  to  that  industry. 
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FOREWORD. 


This  monograph  is  one  of  a  series  contributed  by  the  Forest  Products  Laboratory,  which 
is  maintained  at  Madison,  Wis.,  by  the  Forest  Service,  United  States  Department  of  Agricul- 
ture, in  cooperation  with  the  University  of  Wisconsin. 

The  investigations  described  have  been  carried  out  with  the  aid  of  funds  provided  by  the 
War  and  Navy  Departments,  and  the  results  have  been  used  by  these  departments  in  con- 
nection with  specifications  for  the  kiln  drying  of  airplane  material. 

The  author  desires  to  make  acknowledgment  to  Mr.  II.  D.  Tiemann,  specialist  in  kiln  drying, 
and  to  Mr.  J.  A.  Newlin,  in  charge  section  of  timber  mechanics,  whose  extensive  investigations 
of  kiln  drying  and  the  strength  of  timber  have  been  basic  in  planning  the  tests  and  analyzing 
the  data  doscribed  and  prosentod.  Messrs.  L.  A.  Wclo,  C.  A.  Plaskott,  R.  P.  A.  Johnson,  and 
H.  J.  Rosenthal  aided  in  preparation  of  material,  superintendonco  of  tests  and  tabulations 
and  analysis  of  data  and  thoir  porscvoring,  painstaking,  and  loyal  efforts  aro  acknowledged. 

It  is  also  desired  to  acknowledge  cooperation  of  numerous  lumber  associations  and  com- 
panies in  furnishing  material  for  test. 
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THE  EFFECT  OF  KILN  DRYING  ON  THE  STRENGTH  OF  AIRPLANE  WOODS. 

By  the  Forest  Products  Laboratory. 


SUMMARY  OP  GENERAL  CONCLUSIONS. 

The  general  conclusions  stated  bolow  aro  the  outcome  of  a  series  of  tests  which  included  26 
species,  approximately  100  kiln  runs,  and  over  100,000  mechanical  tests.  Tho  series  was  un- 
dertaken in  cooperation  with  tho  War  and  Navy  Departments,  and  in  continuance  of  earlier 
investigations  on  tho  basis  of  which  tho  Forest  Products  Laboratory  had  drafted,  for  the  War 
Department,  Signal  Corps  Specification  20500,  General  Kiln-drying  Process  for  Airplane  Stock.1 

This  spe"ification  was  based  on  tho  results  of  tests  of  Sitka  spruce  and  white  ash  material 
representing  three  preliminary  kiln  runs  at  tho  laboratory,  and  on  the  general  knowledge  of 
kiln  drying  and  the  properties  of  wood  which  the  researches  of  the  laboratory  in  earlier  years 
had  developed.  The  material  for  the  first  tests  had  been  arranged  for  before  the  United  States 
entered  the  war,  as  it  was  antecipated  that  kiln  drying  of  airplane  stock  would  become 
necessary ;  and  the  preliminary  runs  antedated  the  adoption  by  the  Government  of  its  aircraft 
program.  Signal  Corps  Specification  20500  was  submitted  to  the  War  Department  in  July,  1917. 
While  its  adoption  as  an  emergency  measure  was  believed  entirely  justified,  additional  tests 
of  its  safety  for  spruce  and  ash  and  of  its  applicability  to  many  other  species  were  considered 
essential.  It  was  desirable  also  to  ascertain  the  possibility  of  using  more  rapid  processes. 
The  present  monograph  presents  results  of  the  tests  made  for  these  purposes. 

The  general  conclusions  reached  are: 

1.  That  wood  may  have  its  strength  properties,  particularly  toughness  or  resistance  to 
shock,  quite  seriously  damaged  without  any  visible  evidence  of  such  damage.  Hence,  appear- 
ance of  the  material  can  not,  where  maximum  strength  is  ossontial,  be  accepted  as  the  sole 
basis  of  judgment  of  the  effect  of  a  drying  process  on  wood. 

2.  That  the  effect  of  a  given  process  is  not  the  same  on  all  species  of  wood. 

3.  That  apparently  a  given  process  may  be  entirely  safe  for  some  but  quite  detrimental 
to  other  material  of  a  species. 

4.  That  proper  kiln  drying  produces  material  fully  equal  in  all  strength  properties  to  that 
resulting  from  air  drying  under  the  most  favorable  conditions. 

5.  That  specification  20500-A  of  tho  Bureau  of  Aircraft  Production  (Table  1  or  2  as  spe- 
cified) can  in  most  cases  be  expe'  ted  to  produce  material  fully  equal  to  air-dricd. 

6.  That  best  results  (with  respect  to  strength  properties)  on  Douglas  fir  will  result  from 
the  use  of  somewhat  milder  drying  conditions  than  those  laid  down  in  Specification  20500-A 
(Table  1).  Table  2  of  this  specification  (temperatures  105°  F.  initial  to  135°  F.  final  and  relative 
humidities  85  per  cent  initial  to  40  per  cent  final)  is  recommended  for  drying  Douglas  fir. 

7.  That  in  some  species  there  is  apparently  no  relation  between  drying  temperatures 
up  to  180°  F.  and  the  strength  properties  of  the  dry  material.  Such  a  conclusion,  however, 
needs  further  confirmation,  and  temperatures  higher  than  those  of  Specification  20500-A  have 
not  been  recommended. 

This  work  has  been  done  under  the  necessity  of  getting  results  as  quickly  as  possible  and 
with  the  primary  object  of  checking  the  safety  of  the  general  kiln-drying  specifications  when 
applied  to  the  drying  of  airplane  lumber  on  a  commercial  scale,  together  with  the  more  or  less 
incidental  object  of  ascertaining  if  conditions  adapted  to  more  rapid  drying  could  be  used. 
Under  those  circumstances  it  has  not  been  possible  to  investigate  the  subject  in  the  fundamental 


i  Now  with  some  slight  modification  Specification  2050O-A  of  tho  Bureau  ot  Aircraft  Production. 
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way  which  it  merits.  Completion  of  the  work  already  begun  is  contemplated  and  it  is  hoped 
to  be  able  later  to  carry  out  experiments  to  determine  the  effect  of  the  various  factors  involved, 
both  separately  and  in  combination,  and  to  ascertain  the  maximum  temperature  and  minimum 
humidity  that  can  be  safely  applied  at  any  stage  of  the  drying  process.  It  is  hoped  also  to  carry 
on  comprehensive  investigations  of  the  closely  related  subject  of  the  bending  of  wood,  for  the 
purpose  of  determining  the  steaming  or  other  processes  best  adapted  to  successful  bending 
and  to  secure  more  accurate  knowledge  of  the  effect  of  such  processes  on  the  strength  of  the 
wood. 

NECESSITY  FOR  KILN  DRYING. 

Previous  to  the  entrance  of  the  United  States  into  the  war  aircraft  engineers  had  not 
enconragod  the  use  of  other  than  air-seasoned  wood,  particularly  for  thoso  parts  requiring  the 
maximum  strength.  It  had  not  been  believed  that  it  was  possible  for  material  to  be  properly 
propared  for  such  exacting  service  in  any  other  way  than  by  air  seasoning  over  a  period  of 
several  months  or  even  years,  depending  on  the  size  of  the  stock  and  on  the  climatic  conditions 
at  the  point  whore  the  soasoning  took  pla'e.  The  use  of  kiln-dried  material  had  been  tabooed 
because  it  had  not  been  demonstrated  that  optimum  results  with  rospo- 1  to  the  strength  pro- 
perties could  be  secured  through  kiln  drying.  Some  of  tho  prejudice  against  kiln  drying  was 
undoubtedly  due  to  acquaintance  or  experience  with  material  which  had  been  improperly  kiln 
dried  and  hence  groatly  damaged. 

Upon  tho  adoption  by  our  Government  of  an  aircraft  prodiu  tion  program  of  groat  magni- 
tude it  was  easy  to  be  seen  that  the  stock  of  air-dried  material  of  the  species  thon  acceptod  for 
aircraft  construction  would  be  exhausted  before  even  a  fraction  of  tho  prodiu  tion  planned  for 
tho  first  year  could  be  accomplished.  Hence,  tho  kiln  drying  of  material  for  airplanes  became 
imperative.  Tho  prime  requisite  was  to  find  or  develop  mothods  of  kiln  drying  which  would 
assure  material  of  maximum  strength  properties.  The  problem  of  cutting  the  period  of  drying 
to  the  minimum  was  not  so  important,  as  it  was  the  opinion  that  a  period  of  from  one  to  two 
months  for  tho  drying  of  such  species  as  spruce  would  answer,  if  necessary. 

PREVIOUS  INVESTIGATIONS. 

For  some  12  years  previous  to  this  time  the  Forest  Service  had  been  carrying  on  inves- 
tigations of  the  best  types  of  kiln  construction  and  methods  of  kiln  operation  to  produce  dry 
stock  of  maximum  quality.  These  investigations  had  resulted  in  the  invention,  patenting, 
and  dedication  to  public  use  of  a  new  type  of  dry  kiln  in  which  excellent  control  of  the  important 
factors  of  temperature,  humidity,  and  circulation  could  be  secured.  However,  few  of  the 
species  of  importance  in  airplane  construction  had  been  included  in  these  kiln-drying  inves- 
tigations. Also,  the  effort  had  been  largely  directed  toward  preventing  the  great  losses  from 
checking,  casehardening,  hollow-horning,  and  the  like,  which  in  many  commercial  drying 
operations  had  been  excessive;  and  consequently  tests  had  not  been  made  to  determine 
whether  material  having  the  maximum  strength  properties  was  being  secured.  However, 
about  the  time  the  kiln-drying  studies  were  first  started  a  very  carefully  planned  and  executed 
scries  of  tests  had  been  made  to  determine  the  effect,  on  strength,  of  exposure  for  various 
periods  of  time  to  dry  air  and  to  steam,  both  at  various  temperatures  and  pressures.  These 
experiments  1  were  on  loblolly  pine,  white  ash,  and  red  oak.  Additional  knowledge  of  the 
effects  of  various  temperatures  had  been  gained  from  the  results  of  tests  of  material  which 
had  been  subjected  to  various  steps  involved  in  the  application  of  preservative  treatment. 

Foreseeing  the  necessity  for  knowledge  of  the  effect  of  kiln-drying  operations  on  the  strength 
of  airplane  woods,  the  Forest  Products  Laboratory  before  the  declaration  of  war  arranged 
to  secure  a  quantity  of  partially  air-dry  spruce  and  white  ash.  Strength  tests  made  on  material 
dried  in  three  preliminary  kiln  runs  with  a  range  of  temperatures  and  humidities,  indicated 
that  spruce  and  ash  could  be  successfully  and  safely  kiln  dried  by  using  moderate  tempera- 
tures and  fairly  high  relative  humidities,  with  careful  control  of  kiln  conditions.  That  material 
might  be  seriously  damaged  in  strength  properties  without  displaying  visible  signs  of  deteri- 


1  A  rdsurae'  of  the  results  was  published  In  the  Lumber  World  Review,  Apr.  10,  1918. 
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oration  was  also  indicated.  This  denoted  that  perfection  of  appearance  did  not  constitute 
a  safe  criterion  for  the  acceptance  of  material  for  exacting  uses  such  as  aircraft  construction, 
and  emphasized  the  need  for  standardization  of  drying  practice  and  the  specifying  of  limiting 
conditions  to  he  used. 

ADOPTION  OF  SPECIFICATIONS  AND  BEGINNING  AND  SCOPE  OF  PRESENT  WORK. 

With  these  tests  and  the  previous  experience  of  the  laboratory  in  many  lines  as  a  basis, 
Signal  Corps  Specification  20500  (now  with  some  slight  modification  Bureau  of  Aircraft  Pro- 
duction Specification  20500-A)  was  drawn  up.  The  general  problem  of  kiln  drying  airplane 
stock,  however,  was  by  no  means  solved.  Although  the  tests  which  had  been  made  were 
sufficiently  extensive  to  form,  in  the  existing  emergency,  a  basis  of  kiln-drying  specifications, 
it  was  very  desirable  to  get  a  further  check  upon  their  applicability  through  additional  tests. 
It  was  also,  desirable  to  determine  if  it  would  be  possible  to  use  conditions  adapted  to  more 
rapid  drying.  Moreover,  there  were  a  considerable  number  of  species  which  were  looked 
upon  as  suitable  substitutes  for  spruce,  ash,  and  the  other  woods  which  experience  had  already 
shown  to  be  adapted  to  aircraft  construction.  It  was  regarded  as  essential  that  safe  methods 
of  drying  these  species  be  developed.  In  addition  to  this,  the  laboratory  was  undertaking 
tests  of  numerous  features  of  airplane  construction  and  it  was  necessary  to  have  dry  material 
for  use  in  these  tests. 

The  work  has  now  covered  26  1  species,  with  approximately  1 00  kiln  runs  and  with  some 
100,000  mechanical  tests  to  determine  the  effect  of  the  processes.  It  is  the  purpose  of  this 
monograph  to  set  forth  in  detail  the  methods  used,  to  give  in  considerable  fullness  the  data 
secured  and  conclusions  drawn,  and  thus  to  make  available  information  for  the  guidance  of 
those  engaged  in  aircraft  construction  and  others  who  may  be  interested  in  kiln  drying  wood 
in  such  a  maimer  as  to  retain  the  maximum  strength. 

BASIS  OF  TESTS  AND  COMPARISONS. 

Since  kiln  drying  was  to  take  the  place  of  extended  periods  of  air  seasoning,  it  was  but  natu- 
ral to  adopt  air  drying  as  a  basis  by  which  to  judge  the  effect  of  kiln  drying.  It  might  seem  to 
one  not  well  acquainted  with  the  phenomena  revealed  by  tests  of  strength  properties  of  wood 
that  it  would  be  feasible  to  kiln  dry  a  given  lot  of  material,  make  tests  upon  it,  and  compare 
directly  with  the  strength  of  air-dry  material  of  the  same  species,  as  determined  by  previous 
tests.  Such  a  method,  it  is  true,  might  suffice  to  detect  any  severe  damage  or  excessive  defi- 
ciency in  strength  properties  brought  about  by  the  drying  processes.  In  the  present  experi- 
ments, however,  the  aim  was  to  find  kiln  processes  such  that  the  resulting  material  would  be 
at  least  equal  in  strength  properties  to  the  same  material  had  it  been  carefully  air  seasoned. 
The  decision  as  to  whether  this  has  been  accomplished  requires  more  exact  comparisons  than 
can  be  obtained  by  the  method  given  above.  Also  in  such  work  it  is  desirable  to  be  able  to 
distinguish  small  differences  in  the  effect  of  two  or  more  different  treatments  in  order  to  dis- 
cover the  tendency  of  a  change  in  the  treatments. 

The  study  of  data  derived  from  some  130,000  tests  on  129  different  species  of  native  woods 
tested  at  the  Forest  Pr-oducts  Laboratory  previous  to  the  beginning  of  this  work  has  shown 
something  of  the  variability  that  may  be  expected.  It  has  been  found,  for  instance,  that 
even  when  as  many  as  possible  of  the  factors  contributing  to  the  variation  of  timber  are  under 
control,  the  average  of  material  from  a  tree  selected  at  random  would  be  expected  to  differ 
from  a  true  average  of  the  sp>ecies  by  from  7  to  15  per  cent,  depending  upon  which  of  several 
important  strength  properties  was  considered.  The  variation  of  individual  specimens  is,  of 
course,  much  greater.  Consequently,  it  is  essential  to  make  certain  that  the  material  sub- 
jected to  any  treatment  whose  effect  is  to  be  found  is  as  inherently  like  that  with  which  it  is 
to  be  compared  as  possible.  In  other  words,  no  very  close  estimate  of  the  effect  of  kiln  drying 
upon  the  strength  is  possible  from  comparisons  of  the  properties  of  two  lots  of  material,  one 
being  kiln  dried  and  the  other  air  dried,  and  both  selected  at  random. 


■  Data  and  information  on  but  a  part  of  thu  pecies  are  available  and  included  herein. 
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The  problem  presents  two  alternatives.  One  is  to  divide  the  green  stock  of  a  given  tree 
or  trees  into  two  lots,  one  of  which  is  tested  after  kiln  drying  and  the  other  after  air  drying. 
This  involves  a  delay  in  the  analysis  until  the  air  drying  is  complete  and  the  tests  made,  and  was 
deemed  impracticable  because  of  the  demand  for  immediate  information. 

The  second  alternative  is  to  make  a  comparison  with  the  results  previously  obtained  from 
material  of  the  same  species  and  tested  in  both  the  green  and  the  air-dry  conditions.  On  the 
basis  of  this  comparison  a  conclusion  may  be  drawn  as  to  whether  kiln  drying  has  produced  as 
favorable  a  change  in  properties  as  had  been  found,  from  the  previous  tests,  to  result  from  air 
drying.  This  second  method  is,  of  course,  the  best  adapted  to  securing  quick  results.  On  the 
other  hand,  it  does  not,  for  reasons  which  have  been  mentioned  and  which  will  be  further  dis- 
cussed later,  justify  as  definite  and  certain  conclusions  as  the  first. 

The  plan  actually  followed  was  a  combination  of  the  two  alternatives. 

The  material  for  testing  was  brought  to  the  laboratory  in  log  form,  and  was  there  cut  up 
into  three  lots.  The  first  was  tested  green,  the  second  after  kiln  drying,  and  the  third  after 
thorough  air  seasoning.  Methods  of  making  this  division  are  further  discussed  under  "Prepara- 
tion ot  Material." 

As  soon  as  the  tests  on  kiln-dried  material  were  available  they  were  analyzed  and  preliminary 
conclusions  drawn  from  a  comparison  with  previously  air-dried  material  of  tho  same  species. 
This  can  be  safely  done  only  on  the  part  of  those  who  are  experienced  and  familiar  with  strength 
values  and  particularly  familar  with  the  variations  that  are  likely  to  be  met  with  in  stock  of  a 
given  species  grown  in  different  localities.  If  the  kiln-dried  material  proves  to  be  greatly  su- 
perior or  greatly  inferior  it  is  safe  to  say  positively  that  it  would  also  have  been  superior  or  in- 
ferior to  stock  of  the  same  tree  air  dried.  If,  however,  the  differences  turn  out  to  be  small  and 
less  than  the  probable  variation  of  an  average  of  the  strength  property,  definite  conclusions  are 
not  possible.  This  analysis  is,  therefore,  regarded  as  preliminary  and  final  conclusions  are  with- 
held until  air-dry  material  from  the  same  trees  and  parts  of  trees  has  been  tested.  The  com- 
parisons then  possible  are  known  to  be  free  of  some  of  the  factors  enumerated  below  and  the 
rest  can  be  adjusted  for  or  can  be  reduced  in  importance  by  working  with  a  large  number  of 
tests.  Where  this  has  been  done  the  difference  in  strength  properties  between  kiln-dried  and 
air-dried  stock  and  between  stock  dried  under  different  kiln  conditions  can  be  stated,  with  con- 
siderable assurance,  to  be  due  to  differences  in  drying  conditions  only. 

VARIABLES  AFFECTING  RESULTS. 

The  factors  which  affect  test  results  and  contribute  to  their  variability  may  be  enumerated 
as  follows: 

(1)  Defects  (knots,  decay,  shakes,  etc.). 

(2)  Density. 

(3)  Species. 

(4)  Moisture  content  and  distribution. 

(5)  Rate  of  testing. 

(6)  Temperature  at  time  of  test. 

(7)  Position  in  tree. 

(8)  Tree  characteristics  (varying  with  locality  of  growth,  soil,  elevation,  etc.). 

(9)  Unexplained  variations  (usually  following  the  laws  of  probability). 

These  factors  must  be  so  handled  that  their  effects  will  not  be  mistaken  for  the  effect  of  the 
kiln-drying  process.  The  effects  of  these  factors  are  eliminated  from  comparisons  in  the  following 
manner: 

All  pieces  having  visible  defects  which  it  is  evident  would  lessen  their  strength  are  dis- 
carded at  the  outset.  Inspection  is  also  made  after  test,  since  some  defects  are  likely  not  to  be 
revealed  until  the  specimen  has  failed. 

Regarding  density  and  position  in  the  tree,  fairly  general  relations  have  been  deduced  from 
the  extensive  investigations  previously  made.  It  is  a  general  rule  that  the  strength  properties 
of  wood  of  any  species  vary  directly  as  some  power  of  the  density;  that  the  density,  and  therefore 
the  strength,  decreases  with  height  from  ground  at  growth  (spruce  seems  to  be  an  exception  to 
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this) ;  and  that  there  is  a  considerable  hut  unpredictable  variation  between  strength  and  distance 
from  the  pith  of  the  tree.  Provided  the  test  specimens  come  from  the  same  height  in  the  tree 
and  the  same  region  of  annual  growth,  there  does  not  seem  to  be  much  difference  in  strength 
with  regard  to  cardinal  direction  in  the  living  tree. 

It  is  evident,  then,  that  the  influence  of  density,  position  in  tree,  and  tree  characteristics 
can  be  eliminated  from  comparisons,  as  far  as  the  kiln-drying  work  is  concerned,  by  selecting 
material  for  test  in  the  green,  kiln-dried,  and  air-dried  conditions,  not  only  from  the  same  tree 
but  also  from  its  corresponding  parts.  The  existence  of  tree  characteristics  also  makes  it  de- 
sirable that  several  trees  be  represented  in  each  kiln  run.  It  is  also  found  that  unexplained 
variations  are  such  as  to  necessitate  that  each  tree  be  represented  in  each  group  (green,  air-dried, 
and  kiln-dried)  by  a  considerable  number  of  specimens. 

The  effect  of  moisture  content  and  distribution  could  be  eliminated  by  bringing  the  kiln  and 
air-dried  material  to  the  same  moisture  content  before  test.  This,  however,  requires  an 
excessive  amount  of  time  and  it  is  found  more  feasible  to  allow  for  comparatively  small 
differences  in  moisture  content  by  making  adjustments  of  the  data.  These  adjustments  will  be 
discussed  later. 

Differences  in  moisture  content  between  parts  of  the  same  specimen  are  avoided  by  allowing 
a  period  of  air  seasoning  after  the  kiln  drying,  thus  bringing  the  moisture  in  the  material  to  prac- 
tically uniform  distribution.  Material  which  is  air  dried  is  not  tested  until  it  has  reached  a 
practically  constant  weight  and  the  moisture  content  has  become  approximately  uniform. 

The  effects  of  rate  of  test  and  temperature  at  time  of  test  are  cared  for  by  properly  stand- 
ardized testing  methods. 

MECHANICAL  TESTS  AND  THE  PROPERTIES  DETERMINED  FROM  THEM. 

The  standard  tests  made  on  wood  at  the  Forest  Products  Laboratory  and  the  mechanical 
properties  determined  from  them  are: 

Static  bending. 

Fiber  stress  at  elastic  limit. 

Modulus  of  rupture. 

Modulus  of  elasticity. 

Work  to  elastic  limit. 

Work  to  maximum  load. 

Total  work. 
Impact  bending. 

Fiber  stress  at  elastic  limit. 

Modulus  of  elasticity. 

Work  in  bending  to  elastic  limit. 

Height  of  drop  to  failure  (50-pound  hammer). 
Compression  parallel  to  grain. 

Fiber  stress  at  elastic  limit. 

Crushing  strength. 

Modulus  of  elasticity. 
Compression  perpendicular  to  grain. 

Fiber  stress  at  elastic  limit. 
Shearing  strength  parallel  to  grain. 

Radial.1 

Tangential.1 
Cleavage. 

Radial.1 

Tangential.1 
Tension  perpendicular  to  grain. 

Radial.1 

Tangential.1 
Hardness. 

End. 

Radial. 

Tangential. 


'  The  terms  "radial"  and  "  tangential"  refer  to  the  surface  of  failure   Kadial  tension  is  tension  perpendicular  to  the  radial  surface. 
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It  may  not  appear  necessary  to  perform  all  of  these  tests  on  the  green,  kiln-dried,  and  air- 
dried  material  in  order  to  get  a  sufficiently  reliable  basis  for  the  determination  of  the  effect  of 
kiln  drying.  On  the  other  hand,  it  would  not  do  to  select  one  kind  of  test  on  one  property 
and  assume  that  if  the  kiln  dried  stock  proved  to  be  superior  or  inferior  to  air-dried,  all 
the  other  properties  would  also  bo  superior  or  inferior.  Tbe  several  properties  may  very 
well,  and  do  in  fact,  prove  to  be  affected  in  different  ways  by  the  various  conditions  of  seasoning. 
This  phenomenon  is  amply  illustrated  by  data  presented  later. 

PROPERTIES  ON  WHICH  ANALYSIS  IS  BASED  AND  THEIR  SIGNIFICANCE. 

Tho  analysis  of  the  effect  of  kiln-drying  is,  therefore,  based  on  the  tests  which  bring 
out  tho  properties  doomed  most  important  in  airplane  construction;  namely,  static  and  impact 
bending  and  compression  parallel  to  grain;  although  all  of  the  tests  arc  made  because  the  tests 
of  lesser  importance  can  be  made  at  a  comparatively  low  cost  and  serve  at  times  as  a  check  on 
the  conclusion  reached  from  a  study  of  the  principal  tost  data. 

Tho  properties  chosen  for  principal  attention  in  the  analysis  are  five  in  number.  They 
aro:  Modulus  of  rupture,  modulus  of  elasticity,  and  work  to  maximum  load,  obtained  from 
the  static-bonding  test;  height  of  drop,  obtained  from  the  impact-bending  test;  and  maximum 
crushing  strength,  obtained  from  the  compression-parallel-to-grain  test. 

By  modulus  of  rupture  is  meant  tho  computed  fiber  stress  in  the  outermost  fibers  of  the 
tho  beam  at  tho  maximum  load.  It  is  a  measure  of  tho  ability  of  a  beam  to  support  a 
slowly  applied  load  for  a  very  short  time.  It  is  not  a  true  fiber  stress,  since  the  formula 
by  which  it  is  computed  is  exactly  applicable  only  within  the  elastic  limit.  The  term  is,  how- 
ever, universally  accepted  and  the  values  are  quite  comparable  for  various  spocies  and  sizes 
of  lumber.  It  is,  moreover,  a  definitely  measurable  quantity  which  does  not  depend  to  any 
extent  on  any  personal  factor  as  doos,  for  instance,  fiber  stress  at  elastic  limit. 

Tho  modulus  of  elasticity  is  a  measure  of  tho  stiffness  or  rigidity,  of  a  material,  anil  is  of 
value  in  computing  tho  dofioctions  of  joists,  beams,  and  stringers,  and  safe  loads  for  columns. 
Although  it  is  derived  from  the  static  bending  test  it  is  directly  applicable  to  columns  as  well 
as  beams. 

Work  to  maximum  load  represents  the  ability  of  a  wooden  part  to  absorb  shock  with  a 
slight  permanent  or  semi-permanent  deformation  with  some  injur}-  to  the  wood,  and  is  a  measure 
of  the  combined  strength  and  toughness  of  a  material  under  bending  stresses.  It  is  one  of  the 
most  important  properties  as  far  as  airplane  wood  is  concerned. 

Height  of  drop  is  the  vertical  fall  of  a  50-pound  hammer  causing  complete  failure  under 
tho  impact-bending  test,  and  represents  a  quality  that  is  important  in  members  which  are 
occasionally  stressed  beyond  the  elastic  limit.  It  is  a  very  variable  quantity  but  ranks  with 
work  to  maximum  load  in  importance  as  a  measure  of  the  suitability  of  a  wood  for  airplane  use. 

The  valuo  of  maximum  crushing  strength,  as  obtained  from  the  compression-parallel-to- 
grain  test,  lies  in  tho  possibility  of  estimating  the  strength  of  parts  used  as  columns.  It  is  a 
very  simple  test  and  is  frequently  tho  only  one  used  in  studying  the  effect  of  a  treatment  or 
process  on  wood.  However,  it  does  not  necessarily  follow  that  otbers  aro  affected  in  the  same 
way  and,  particularly  not  with  respect  to  the  very  important  properties  of  work  to  maximum 
load  and  height  of  drop.  These  latter  aro  measures  of  toughness,  or  shock  resistance,  which 
quality  is  not  brought  out  by  the  compression-parallcl-to-grain  tost.1 

The  manner  of  conducting  these  and  the  minor  tests  and  the  significance  of  each  of  the 
properties  is  discussed  in  various  circulars  and  bulletins  of  the  Forest  Service  of  the  United 
States  Department  of  Agriculture.2 

'  Sec  p.  37  and  footnote  thereto. 

» See  particularly  Forest  Service  Circular  38  (Revised)  and  Bulletin  550  of  tho  United  States  Department  of  Agriculture.  Sec  also  "  Working 
Plan  for  Project  124,"  included  as  an  appendix  in  The  Mechanical  Properties  of  Wood,  by  S.  J.  Record,  published  by  John  Wiley  &  Sons. 
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PREPARATION  OF  MATERIAL. 


SELECTING.  CUTTING,  AND  MATCHING  OF  STOCK. 


The  necessity  for  having  material  so  selected  that  comparisons  will  he  only  between  groups 
.vhicli  consist  of  material  inherently  alike  has  been  pointed  out.  The  method  of  cutting  logs 
and  selecting  material  will  he  illustrated  for  each  of  several  species.  Great  care  has  at  all 
times  been  taken  to  make  certain  that  kiln-dried  material  is  as  inherently  like  the  green  and 
air-dried  to  which  it  is  compared  as  possible. 

In  most  cases  the  material  for  test  was  selected  in  the  woods  or  from  log  yards  and  sent 
to  the  laboratory  in  log  form.  There  it  was  stored  on  skids  in  the  yard  until  required.  In  gen- 
eral, species  which  were  in  use  or  considered  as  substitutes  for  spruce  in  wing  beams,  struts, 
etc.,  were  cut  into  2$  or  3  inch  planks,  in  which  sizes  the  material  was  kiln-dried.  Species 
looked  upon  as  promising  for  propeller  woods  were  sawed  into  1-inch  lumber  and  laln-dried 
in  this  thickness. 

Test  specimens  were  2  by  2  inches  in  cross  section  for  those  species  dried  in  the  2£  or  3 
inch  thickness.  Bending  specimens  were  30  inches  long  and  were  tested  with  center  load 
on  a  span  of  28  inches.  Specimens  from  the  species  dried  in  1-inch  thickness  were  {  by  2  inches 
in  section.  Bending  specimens  were  20  inches  long  and  were  tested  with  load  at  the  center  of 
an  18-inch  span. 

Specimens  for  test  while  green  were  cut  and  planed  to  size  at  the  time  of  cutting  material 
from  the  log.  Specimens  for  test  after  air  drying  were  at  the  same  time  cut  roughly  to  size 
and  stored  for  drying.  Specimens  to  represent  the  kiln-dried  material  were  not  cut  until  after 
the  kiln-drying  was  completed.  Specimens  which  were  to  be  air-dried  were  carefully  piled 
in  a  shed  where  they  were  well  up  off  the  ground,  were  sheltered  from  the  sun  and  from  pre- 
cipitation, and  were  subjected  to  very  free  circulation  of  air.  Ends  of  these  specimens  were 
dipped  in  melted  paraffin  to  retard  drying  from  the  end.  The  endeavor  was  to  give  them  the 
best  possible  environment  for  air-drying. 

Each  shipment  of  a  species  is  considered  a  unit.  It  has  not  been  possible  to  get  all  ship- 
ments of  a  species  uniform  as  to  size  and  length  of  logs,  etc.  Logs  of  one  species  differ  greatly, 
of  course,  from  those  of  another  in  size  and  character.  The  method  of  grouping  material  is 
influenced  by  a  number  of  factors,  such  as  size  of  logs,  number  of  kiln  runs  in  which  each  log 
is  to  be  represented,  method  of  sawing  (plain  or  quarter-sawed),  thickness  of  material  to  be 
dried,  and  number  of  logs  in  shipment.  Consequently  it  was  impossible  to  adopt  a  single 
standard  plan  for  cutting,  marking,  and  grouping:  each  shipment  had  to  be  studied  sepa- 
rately and  the  method  best  suited  to  it  adopted. 

Figure.  1  (A)  to  (E)  illustrates  several  of  the  methods  of  cutting  logs.  Figure  1  (E)  shows 
how  the  logs  of  Sitka  spruce  of  shipment  504  were  divided.  These  logs  were  so  large  that 
it  was  necessary  to  split  them  before  they  could  lie  sawed.  They  were  first  split  into  quarters. 
Each  quarter  was  then  split  circumfcrentially  into  two  pieces  and  the  outer  one  of  these  pieces 
was  again  split  radially  into  two  pieces.  The  resulting  12  pieces  were  sawed  as  shown.  The 
central  flitches  HL  and  MK  were  cut  into  sticks  21  by  2.1  inches  in  the  rough.  Matched  speci- 
mens for  test  in  the  green  and  air-dry  conditions  were  provided  in  accordance  with  the  following 
scheme:  With  an  8-foot  log  or  double-length  bolt  as  a  unit,  two  flitches  extending'  through 
the  tree  in  one  direction,  as  in  figure  1  (B),  or  in  each  of  two  directions,  as  in  figure  1  (E),  are 
cut  into  2£  by  2\  inch  sticks.  Tnese  arc  numbered  as  in  figures  1  (B)  and  (E),  the  number 
consisting  of  a  letter  and  a  figure,  as  113,  L6,  etc.  These  sticks  are  then  grouped  for  test  as 
follows : 


stick  sum  units. 


Lower  bolt 
Upper  bolt 


*  2,  3 


4,  5 


8,  9 
6,  7  etc. 


Tasted  green 


Lower  bolt  

Upper  bolt  

I.ri32jr»— S.  Hoc.  1  <  it  >.  <!(•«-'_'  X', 
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Fio.  1.— Method  of  cutting  logs  into  lumber  lor  kilu  drying  and  into  test  specimens. 
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That  is,  two  composite  bolts  are  formed,  eacli  including  half  the  sticks  from  the  upper 
bolt  and  half  those  from  the  lower  bolt.  The  sticks  of  one  of  these  composite  bolts  are  tested 
green  and  those  from  the  other  after  air-drying. 

Figure  1  (D)  shows  how  planks  are  divided  into  sticks  for  static  and  impact-bending  tests 
after  having  been  dried  in  the  kilns.  In  general,  half  of  the  sticks  of  any  given  group  —green,  air- 
dried,  or  from  any  kiln  run — are  tested  in  static  bending  and  half  in  impact.  One  specimen 
from  each  stick  is  tested  in  compression  parallel  to  grain.  One-half  of  the  static-bending 
sticks  furnish,  smaller  specimens  for  compression-perpcndicular-to-grain  tests;  the  other  half 
give  specimens  for  hardness  tests.  Shear,  cleavage,  and  tension-perpeudicular-to-grain  speci- 
mens are  taken  from  impact-bending  sticks. 

Figure  1  (A)  and  (C)  are  cutting  diagrams  as  used  for  African  mahogany  and  white  ash, 
and  are  typical  of  diagrams  for  logs  which  were  cut  into  1-inch  material  or  were  not  sufficiently 
large  to  be  cut  as  in  figure  1  (15)  or  (E). 

INSPECTION  OF  STOCK. 

Immediately  previous  to  being  placed  in  the  kiln  all  material  is  very  carefully  inspected 
and  any  defects  ami  imperfections  noted  and  marked  on  the  piece  or  made  a  matter  of  record. 
On  removal  from  the  kiln  it  is  again  inspected  and  record  made  of  any  increase  in  the  previously 
noted  defects,  such  as  extension  of  shakes,  increase  of  checks,  or  loosening  of  knots;  also  of 
warping  and  cupping,  the  development  of  new  checks,  etc.  I(  is  also  examined  for  case- 
hardening. 

KILN  DRYING  AND  TESTING. 

Following  the  initial  inspection  the  material  is  placed  in  experimental  kilns  and  dried.  On 
removal  from  the  kilns  it  is  stored  for  a  brief  period,  after  which  the  standard  tests  as  previously 
enumerated  are  made. 

METHODS  OF  ANALYSIS. 

We  come  now  to  a  discussion  of  the  actual  comparison  of  the  test  data  on  material  dried 
under  different  kiln  conditions  and  in  the  ah-.  Because  of  the  several  influencing  factors  which 
have  been  enumerated,  this  comparison  can  not  be  made  directly  from  a  table  of  properties  in 
which  these  properties  arc  grouped  according  to  the  seasoning  conditions.  The  reason  is  that 
in  the  case  of  the  preliminary  analysis  the  air-dried  stock  used  for  comparison  was  not  inherently- 
like  that  kiln-dried.  The  trees  and  the  parts  of  the  trees  are  necessarily  different  and  the 
localities  of  growth  are,  in  general,  different  also.  In  the  final  analysis  the  tests  of  the  several 
kiln  runs  and  the  air-dried  were  on  matched  stock;  that  is,  on  stock  inherently  the  same.  Thus 
the  source  of  possible  error  in  making  a  direct  comparison  introduced  by  unlike  stock  falls  away. 
However,  differences  in  moisture  content  still  usually  exist  at  the  time  of  test. 

IMPROVEMENT  RATIOS. 

In  attempting  to  find  for  use  in  the  preliminary  analysis  some  basis  of  comparison  which 
would,  as  far  as  possible,  avoid  tbe  errors  resulting  from  inherently  different  material  in  the 
groups  compared,  study  of  the  available  data  showed  that  the  change  in  properties  which  is 
produced  by  drying  is  in  general  somewhat  less  variable  than  the  strength  values.  Accordingly, 
it  was  believed  that  the  effect  of  kiln  drying  could  be  better  judged  by  comparing  the  change 
which  it  produced  with  the  corresponding  change  produced  by  air  drying  than  by  comparing 
strength  values  of  the  kiln-dried  and  air-dried  material.  The  mathematical  measure  of  this 
change  is  defined  as  an  "  improvement  ratio." 

T  ^.      Strength  value  for  kiln  or  air  dried  material 

Improvement  ratio  =  .  ,        ,,     -  — j  .  v    \  .    ■  , 

r  Same  strength  value  for  matched  green  material 

Early  tests  of  the  effect  of  moisture  on  the  strength  properties  had  shown  that  in  one 
species,  at  least,  the  effect  of  moisture  change  was  practically  independent  of  the  specific  gravity 
of  the  wood.  On  the  other  hand,  the  strength  properties  are  very  largely  influenced  by  the 
specific  gravity.  Although  the  relation  of  specific  gravity  to  strength  has  been  the  subject 
of  considerable  study  and  important  principles  have  been  deduced,  it  is  not  possible  to  make 
adjustment  of  strength  figures  for  differences  in  specific  gravity  with  sufficient  exactness  for 
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the  present  purpose.  Hence,  it  seems  that  comparisons  are  likely  to  be  less  affected  by  differ- 
ences in  specific  gravity  if  based  on  improvement  ratios  than  if  based  on  the  strength  properties 
themselves. 

ADJUSTMENT  FOB  DIFFERENCES  OF  MOISTURE  CONTENT. 

In  some  instances  the  strength  properties  of  wood  change  very  rapidly  with  changes  in 
moisture.  Some  strength  properties  of  some  species  are  nearly  tripled  in  di  ving  from  the  green 
condition  to  about  8  per  cent  moisture.  In  other  instances,  however,  the  strength  properties 
are  decreased  in  drying.  After  wood  has  passed  the  fiber-saturation  point,1  a  change  of  1  per 
cent  in  the  moisture  content  may  produce  as  much  as  7  or  8  per  cent  change  in  the  strength 
value.  Consequently,  since  it  is  impracticable  to  bring  the  various  groups  of  material  which 
are  to  be  compared  to  the  same  moisture  content  before  test,  it  is  essential  to  the  accuracy  of 
comparisons  that  careful  attention  be  given  to  adjustment  of  strength  values  for  differences  of 
moisture  content. 

Several  years  ago  a  rather  comprehensive  study  of  the  relation  of  moisture  content  to  the 
strength  of  wood  was  carried  out  by  the  Forest  Service  at  laboratories  then  maintained  at 
Yale  University.2  This  im^estigation,  however,  covered  comparatively  few  species,  and  not  all 
the  strength  properties  of  these.  In  taking  up  the  analysis  of  the  data  on  the  effect  of  kiln 
drying  on  strength,  the  need  of  a  general  moisture-strength  law  which  would  be  applicable  to 
all  species  and  all  properties  became  apparent.  For  the  purpose  of  developing  such  a  law  the 
existing  data  were  very  carefully  reviewed. 

Figure  2,  taken  from  Forest  Service  Bulletin  70,  illustrates  the  relation  between  moisture 
and  several  strength  properties  of  red  spruce.  The  graph  for  modulus  of  rupture  is  seen  to  be  a 
.curve  from  zero  to  about  30.5  per  cent  moisture,  beyond  which  it  is  a  straight  horizontal  line. 
This  shows  that  as  moisture  increases  strength  decreases  until  a  point  is  reached  where  there  is 
no  further  decrease.  This  point  (30.5  per  cent  in  this  case)  is  termed  the  fiber-saturation  point. 
At  this  point  the  cell  walls  are  completely  saturated,  but  there  is  no  free  or  excess  water  in  the 
pores  of  the  cells. 

In  studying  data  as  given  in  Forest  Service.  Circular  108  and  Forest  Service  Bulletin  70  on 
the  several  species  and  properties,  it  was  found  that  when  the  logarithm  of  the  strength  property 
was  plotted  against  the  percentage  moisture  the  points  could  be  averaged,  with  but  compara- 
tively little  error,  by  a  straight  line.  This  was  so  consistently  true  that  the  application  of  the 
principle  involved  to  other  species  and  to  other  properties  was  thought  to  be  justified.  The 
relation  as  found  may  be  stated  mathematically  as  follows: 

S=CX10A" 

where  &  is  the  strength  value  at  any  moisture  content,  M,  below  the  liber-saturation  point,  and 
O  and  A  are  empirical  factors.  It  has  been  assumed  that  the  type  of  curve  represented  by  the 
above  equation  is  applicable  to  all  properties,  to  all  species,  and  to  all  drying  conditions.  The 
differences  between  these  various  curves  are  represented  by  the  constants  (C  and  A)  which 
adapt  the  type  equation  to  specific  instances.  These  constants  for  any  specific  case  arc  derived 
from  the  data  to  which  the  equation  is  to  be  applied.  The  following  equation,  derived  from 
that  given  above,  is  conveniently  applicable  to  improvement  ratios: 

where  Ms  =  moisture  content  at  fiber-saturation  point. 

Mt=  moisture  content  of  air-dried  or  kiln-dried  material  at  time  of  test. 
M2  =  moisture  content  to  which  it  is  desired  to  adjust  improvement  ratios. 
/£,  =  improvement  ratio  of  dry  material  at  moisture  content  of  Mt. 
R2  =  improvement  ratio  adjusted  to  moisture  content  M2. 

The  factor  Chas  been  eliminated  in  the  derivation  of  this  equation.    The  fraction  is  the 

value  of  A.  In  other  words,  the  value  of  A  for  use  in  the  adjustment  of  a  set  of  data  is  derived 
from  the  data. 

'  See  second  paragraph  following.    ■  Results  and  discussion  of  these  tests  are  given  in  Forest  Service  Circular  108  and  Forest  Service  Bulletin  70. 
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Via.  3.— Relation  between  strength  values  and  moisture  content  for  red  spruce  in  various  kinds  of  testf.   The  lowest  curve  la  lor  compression  at 

right  ancles  to  grain. 
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The  use  of  this  formula  is  illustrated  by  the  following  example: 

The  averago  modulus  of  rupture  of  a  certain  group  of  material  tested  at  9.0  per  cent  moisture 
was  10,240  pounds  per  square  inch.  The  modulus  of  rupture  of  the  corresponding  green  ma- 
terial was  4,S90  pounds  per  square  inch.  The  liber-saturation  point  is  23  per  cent.  What 
would  be  the  improvement  ratio  adjusted  to  11  per  cent  moisture? 

M7  =  1 1 
.W,=9.0 


_ 10240 
*'-  4890  ~2  0°° 


Log  A'2  =  g  J _  ^0  X  log  2 .095 
12 

=  V7X.321  =.275  and 
14 

8,-1.88 

Also,  modulus  of  rupture  at  11  per  cent  =  4,890  X  1.88  =  9,400  pounds  per  square  inch. 

As  stated  above,  improvement  ratios  and  methods  of  adjusting  them  for  moisture  are  made 
use  of  in  preliminary  analyses  where  it  is  necessary  to  compare  kiln-dried  material  with  air- 
dried  material  from  a  different  source.  They  are  also  found  very  convenient  in  comparing 
kiln-dried  material  with  the  air-dried  material  actually  matching  it.  These  latter  groups  are 
seldom  at  the  same  moisture  content  when  tested;  consequently  adjustment  for  moisture  is 
necessary.  This  adjustment  i«  made  a  trifle  more  easily  on  improvement  ratios  than  on  the 
strength  properties  themselves. 

DISCUSSION  BY  SPECIES.' 

The  various  species  on  which  tests  have  beeti  made  will  now  be  discussed  individually. 
This  discussion  will  be  divided  into  two  parts,  corresponding  to  two  groups  as  follows: 

Group  1. — Species  on  which  data  are  available  from  tests  on  matched  groups  of  green, 
air-dried,  and  kiln-dried  material. 

Group  2. — Species  on  which  data  are  not  yet  available  on  air-dried  material  matching  that 
tested  green  and  after  kiln  drying. 

Group  1  consists  of  Sitka  spruce.  Douglas  fir,  western  white  pine,  and  white  ash. 

Group  2  includes  white  pine,  Norway  pine,  western  hemlock,  white  fir.  Port  Orford 
cedar,  bald  cypres-.  Central  American  mahogany,  African  mahogany  (kluiya  sp.),  northern 
and  southern  white  oak.  southern  red  oak,  black  walnut,  sugar  maple,  and  yellow  birch. 

The  kiln-dried  material  of  the  first  three  species  of  group  1  will  be  compared  directly  to 
air-dried  material  matching  it .  Western  white  pine  will  be  used  as  an  example  of  the  two  meth- 
ods of  analysis.  It  will  first  be  discussed  and  analyzed  as  if  tests  on  the  air-dried  material 
matching  that  which  was  tested  after  kiln  drying  were  not  available.  It  Will  then  be  dis- 
cussed on  the  basis  of  comparison  of  kiln-dried  material  with  air-dried  which  is  matched  to  it. 
This  plan  will  afford  a  comparison  of  the  two  methods  of  analysis. 

Since  group  2  consists  of  those  species  in  which  data  from  tests  of  air-dried  material  matched 
to  that  kiln  dried  are  not  yet  available,  conclusions  must  necessarily  be  made  b}'  the  method 
first  illustrated  under  the  discussion  of  western  white  pine.  Data  on  the  various  species  of 
this  group  are  not  included.  Only  conclusions  reached  and  recommendations  based  thereon 
are  given. 

1  The  species  names  used  herein  are  those  official  in  the  United  States  Forest  Service  except  the  following:  Central  American  mahogany 
(Swietmia  mahagoni),  which  is  officially  termed  "mahogany;"  African  mahogany  <  Khaya  sp. ),  for  which  no  official  name  has  heeu  adopted  by 
the  Forest  Service;  and  "commercial  white  ash,"  concerning  which  sec  footnote,  p.  53. 

The  official  common  and  botanical  names  for  the  other  spcoies  are:  Sitka  spruce  (Picca  silchmsi*),  Douglas  fir  (Pscudntsuga  tan folia),  west- 
ern white  pine  (Pinus  monticota),  Port  Orford  cedar  (I'hitmxcyparia  tawstmiana),  bald  cypress  (  Taiodium  dixtichum),  western  hcralo?k  (  Titxuja 
hcttrophytla),  white  pine  (Pintts  strnbun),  Norway  pine  (Pinm  rmwim),  white  fir  (Abio  concolor),  black  walnut  (Juglans  nigra),  sugar  maple  (Ace 
taccharum),  yellow  birch  (Bctula  lulra).  Other  common  and  botanical  names  applied  to  the  various  spo-ies  arc  given  in  Forest  Service  Bulletin 
17,  "Check  List  of  the  Forest  Trees  of  the  United  States." 
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It  is  not  the  function  of  this  monograph  to  discuss  kiln-drying  schedules;  consequently  only 
such  data  concerning  the  drying  in  these  experimental  runs  as  is  essential  to  an  understanding 
and  interpretation  of  the  results  of  the  strength  tests  are  included.  Neither  is  it  intended  that 
the  various  graphs  of  kiln  conditions  should  furnish  comparisons  of  the  various  processes  with 
respect  to  rate  of  drying.  For  such  discussions  and  comparisons  the  reader  is  referred  to  a 
monograph  by  H.  D.  Tiemann  entitled  "The  Kiln  Drying  of  Wood  for  Airplanes"  and  pub- 
lished as  one  of  this  series.  <  It  is  also  desired  to  emphasize  the  fact  that  the  runs  described 
herein  were  experimental  and  are  not  presented  as  models,  nor  necessarily  as  recommended 
practice. 

SITKA  SPRUCE. 

Because  of  the  importance  of  Sitka  spruce  as  an  airplane  material,  more  experimental 
kiln  drying  has  been  done  on  this  species  than  on  any  other.  The  results  of  13  kiln  runs  made 
with  different  combinations  of  temperature,  humidity,  circulation,  and  other  factors  which  may 
affect  strength  properties  are  available  for  analysis.  The  first  throe  runs  arc  those  which  have 
been  previously  mentioned  as  preliminary.  These  runs  were  made  on  partially  air-dried 
rough  plank.  Because  of  the  fact  that  the  material  tested  was  quite  limited  in  amount,  and 
the  further  fact  that  the  other  runs  have  furnished  much  more  comprehensive  data,  it  is  unnec- 
essary to  present  the  data  on  those  preliminary  runs. 

SOUUCE  OK  MATERIAL. 

The  other  10  runs,  on  which  full  data  are  available,  were  made  on  material  sent  to  the 
laboratory  in  the  log  form,  in  three  different  shipments. 

Shipment  504  consisted  of  six  8-foot  logs  from  four  trees  grown  in  Clatsop  County,  Oreg. 
They  ranged  in  diameter  from  53  to  77  inches.  Trees  1  and  2  were  each  represented  by  two 
8-foot  logs,  namely,  bolts  c-d  1  and  i-j  for  tree  1,  bolts  a-b  and  i-j  for  tree  2.  Trees  3  and  4 
were  represented  by  the  e-f  holts  only.  Material  from  trees  2  anil  3  was  used  in  kiln  runs 
88  and  89,  while  trees  1  and  4  supplied  stock  for  runs  91,  93,  and  94. 

Shipment  503  came  from  Portland,  Oreg.  Much  of  the  material  was  used  for  special 
drying  tests  which  it  is  not  the  purpose  to  consider  here.  The  shipment  furnished  material  for 
runs  147  and  148,  data  and  discussion  of  which  arc  included  in  this  publication. 

Shipment  578  consisted  of  six  Jogs,  from  as  many  trees,  and  varying  in  diameter  from  60  to 
66  inches.  Trees  1 ,  4,  5,  and  6  were  represented  by  the  a-b  bolts,  tree  2  by  the  c-d  bolts,  and 
tree  3  by  the  e-f  bolts.  Trees  2  and  3  furnished  material  for  kiln  run  163,  while  material  from 
the  other  trees  was  equally  divided  between  runs  171  and  172. 

Previously  tested  green  and  air-dried  material,  wit  h  which  comparison  is  made,  was  secured 
from  one  tree  from  Chehalis  County,  Wash. 

CUTTING  AND  MASKING. 

The  cutting  anil  marking  of  Sitka  spruce  has  been  previously  described  (see  pp.  15  and 
17)  is  illustrated  in  figure  1  (E). 

DESCRIPTION  OF  KILN-DRYING  CONDITIONS. 

Figure  3  shows  graphically  the  kiln  conditions  and  moisture  contents  of  samples  of  the 
stock  for  runs  88,  89,  91,  93,  and  94.  Similar  data  for  runs  147,  148,  163,  171,  and  172  arc 
shown  in  figure  4. 

Kiln  runs  88  and  89. — Kiln  runs  88  and  89  were  made  on  stock  in  tin;  form  of  planks  3  inches 
thick  and  of  various  widths.  The  planks  were  piled  flat  and  open  as  indicated  in  figure  5. 
This  figure  shows  the  piling,  arrangement  of  heating  coils,  condenser  coils,  spray  line,  and  regu- 
lating and  measuring  instruments  for  kiln  run  89,  but  those  for  kiln  run  8S  were  not  essentially 
different.  Both  of  these  runs  were  made  in  a  water-spray  kiln.  Two-inch  stickers  were  used, 
and  openings  of  an  inch  left  between  the  planks  of  each  tier.     Kiln  run  89  had  much  the  milder 

'  This  lettering  of  bolts  is  in  accordance  wHb  the  following  scheme:  Beginning  at  the  stump,  each  4  feet  of  length  of  the  tree  is  assigned  a  letter. 
The  4-foot  holt  above  the  stump  is  then  a,  the  second  b,  etc.  The  first  and  second  taken  together  are  called  a-b,  the  eighth  and  ninth  together 
A-l,otc. 
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Flu.  3.— Kiln  conditions  for  Sitka  spruce,  kiln  runs  xs,  wi,  »l.  m,  hi  (shipment  '>04). 
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Fiu .  4.  —Kiln  oonditions  for  Sitka  spruce,  kiln  runs  147  and  M8  (shipment  363),  and  runs  163,  171,  and  172  (shipment  57S). 
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drying  conditions  of  the  two  runs,  as  the  temperatures  were  lower  by  about  30°  F.  all  through  the 
run  and  t ho  humidities  were  higher.  (See  fig.  3.)  In  order  to  get  uniform  temperatures  quickly 
throughout  the  planks,  runs  88  and  89  were  begun  with  an  initial  steaming  of  four  or  five  hours 
at  temperatures  of  130°  and  1 50°  F.,  respectively.  The  very  frequent  rises  in  temperature  in  kiln 
run  88  (see  fig.  3)  were  due  to  faulty  control  apparatus.  The  stock  from  both  runs  appeared 
to  be  in  excellent  condition  at  the  (dose  of  the  drying,  and  there  was  no  degrade  due  to  checking, 
warping,  or  casohardoning.    Casehardening  had  developed  during  the  latter  part  of  the  drying 


Fig.  5.— Section  of  kiln  and  piling  diagram,  Si!  ka  sprire,  kiln  run  09. 


Kig.  0. — Section  of  kiln  and  piling  diagram,  Sitka  spruce,  kiln  run  191. 


in  both  the  runs.  In  run  88  it  was  relieved  by  steaming  for  two  hours  at  170°  F..  while  in  run 
89  two  steamings  at  185°  F.  were  required  to  do  away  with  the  stresses,  one  of  two  hours  and 
one  of  one  hour  duration.1 

Kiln  rims  91  and  93. — Kiln  runs  91  and  93  were  made  in  the  same  kiln  as  run  89,  so  that 
ligure  5.  which  illustrates  the  piling  and  the  arrangement  of  kiln  parts  for  run  89,  will  suffice  for 
these  runs.  The  stock  was  of  3-inch  thickness,  and  lf-inch  stickers  were  used.  The  kiln  loads 
were  small,  as  oilly  BOO  board  feet  were  dried  in  each. 


H.  I).  Tiemann's  monograph,  The  Kiln  Drying  of  Wood  for  Airplanes,  includes  a  discussion  of  the  stresses  which  are  formed  during  (Irving. 
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The  material  in  run  91  was  steamed  twice  to  relieve  casehardening.  These  steaniings  were 
made  at  180°  F.  for  two  and  one-half  hours  and  for  one  hour. 

No  casehardening  was  found  at  any  time  in  the  material  dried  in  run  93,  and  therefore 
steaming  was  unnecessary. 

Kiln  run  94-  The  kiln  ammgomenl  and  method  of  piling  used  in  kiln  run  94  are  shown  in 
figure  6.  In  this  run  the  stock  was  dried,  not  in  the  form  of  3-inch  planks,  hut  in  sizes  suitahle 
for  airplane  heam  planks.    The  load  consisted  of  3  by  4,  2  by  3,  2  by  4.  and  2  by  5  inch  pieces. 

nil  8  feet  in  length.    The  3  by  4  inch  pieces 


were  piled  as  shown  in  the  diagram,  using 
1  flinch  stickers  and  leaving  about  3  inches 
between  the  sticks  of  each  tier.  The  2-inch 
material  was  similarly  arranged  in  a  separate- 
pile  behind  that  shown  in  the  figure,  the  kiln 
being  twice  as  long  as  the  sticks  to  be  dried. 
The  same  size  stickers  and  spaces  were  used. 
The  run  was  mild  and  practically  a  repetition 
of  the  temperatures  and  humidities  of  run  93 
(see  fig.  3).  The  final  moisture  content  was 
9.6  per  cent,  and  there  was  no  visible  degrade 
nor  any  casehardening  at  any  time  during  the 
run. 

Kiln  run  14?.  -Run  147  was  also  made 
on.  pieces  of  small  size.  These  were  rough- 
sawed  sticks  2'.  inches  square  and  4  feet  long. 
The  ends  were  dipped  in  an  asphalt  paint  to 
prevent  drying  from  the  ends.  The  piling  was 
open  and  on  a  slant,  as  shown  in  figure  7. 
The  material  developed  slight  casehardening. 
which  was  relieved  by  steaming  twice  at  a 
temperature  of  100°.  as  shown  on  the  tempera- 
ture and  humidity  curves  of  figure  4. 

Kiln  run  14&- — The  other  kiln  run  on 
stock  of  shipment  563  was  numbered  148. 
This  was  made  for  the  explicit  purpose  of 
finding  the  effect,  on  both  appearance  and 
strength,  of  high  temperature  drying  with 
moderate  humidities.  The  load  was  a  large 
one  for  the  size  of  kiln,  consisting  of  2.40(1 
board  feet  of  3-inch  planks,  which  were  flat- 
piled  with  no  spaces  between  the  planks.  The 
kiln  was  of  the  type  shown  in  figure  6.  The 
kiln  conditions  and  average  moisture  contents 
of  the  samples  are  shown  in  figure  4. 

Kiln  runs  168,  171,  and  172.— Of  the 
three  kiln  runs  on  stock  from  shipment  578 
the  two  runs  numbered  163  and  172  were 
practically  the  same  with  respect  to  piling  and  the  temperatures  used.  Both  runs  were  made 
in  water-spray  kilns.  The  arrangements  of  the  kilns  and  the  locations  of  the  measuring  and 
controlling  instruments  were  practically  the  same  as  is  shown  in  figure  6.  The  stock  was  in  the 
form  of  21-inch  planks,  8  feet  long,  and  vaiied  in  width  from  6  to  18  inches.  The  piling  was 
flat,  with  H-inch  stickers  and  with  2-inch  spaces  between  the  planks  of  each  tier. 

The  stock  of  run  163  was  given  a  preliminary  steaming  of  two  hours  at  155°  F.  in  order  to 
warn,  the  planks  through  before  drying  conditions  were  established.  The  temperatures,  humid- 
ities, and  the  average  moistures  for  the  six  samples  varied  from  day  to  daj-  according  to  the 


-Sertion  of  kiln  showing  method 
run  147. 


piling  Sitka  spruce,  kiln 
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curves  of  figure  4.  There  was  a  2  per  cent  degrade  in  this  run,  due  to  warping  and  to  surface 
checking  in  the  sapwood  of  some  of  the  planks. 

Run  171  was  a  constant-temperature  run,  the  temperature  being  150°  F.  except  during 
the  last  three  days,  when  it  was  156°  F, 


THE  MB  DRYING. 


Material  of  shipment  504,  matching  that  kiln  dried  in  runs  8S,  89,  91,  93,  and  94,  was  air 
dried  in  the  form  of  sticks  2\  by  1\  inches  by  4  feet,  the  ends  being  carefully  paraffined  to  pre- 
vent end  drying.  It  was  dried  for  about  one  year,  from  midsummer  1917  to  midsummer  1918 
in  a  shed  without  artificial  heat.  The  shed  was  open  on  the  north  and  closed  on  the  other  three 
sides.  The  specimens  were  piled  about  7  feet  above  the  ground,  midway  between  the  ground 
and  the  roof  of  the  shed.  The  conditions  thus  secured  were  considered  as  favorable  for  perfect 
air  drying  as  are  obtainable.  When  stored  for  drying  the  average  moisture  content  of  the  group 
of  sticks  matching  two  of  the  kiln  runs  (88  and  89)  was  about  49.1  per  cent,  and  for  another 
group  of  sticks  matching  kiln  runs  91,  93,  and  94  about  41.5  per  cent.  The  final  moisture  con- 
tents, after  the  material  appeared  to  have  reached  constant  weight,  as  indicated  by  periodic 
weighing  of  samples,  were  found  to  be  very  uniform  and  somewhat  higher  than  was  anticipated.1 
For  six  samples  they  were  14.0, 14.3, 14.2, 14.3, 14.3,  and  14.5  per  cent,  giving  an  average  of  14.3 
per  cent.  The  moisture  at  the  time  of  test  was  nearly  2  per  cent  less,  since  some  time  necessarily 
elapsed  from  the  time  of  removal  from  the  drying  shed,  during  which  time  the  sticks  were  stored 
indoors  in  a  wanner  and  drier  atmosphere. 


STRENGTH  DATA. 


The  conclusions  which  are  to  be  drawn  regarding  the  effect,  on  the  strength  of  Sitka  spruce, 
of  the  various  conditions  of  seasoning  just  described  arc  hosed  on  the  study  of  a  series  of  tahles 
giving  both  the  mechanical  properties  of  the  various  groups  of  mateiial  and  the  improvement 
ratios.    The  ratios  are  further  presented  in  graph  form  for  the  sake  of  ready  intercomparison. 

T.\ni.E  1. —  Mechanical  properties  of  Sitka  spruce.     Tabulation  of  lest  data.    No  adjustment  for  moisture. 


Trco  186. 
Shipment  325. 
From  Chehalis 
County.  Wash. 


Properties. 


static  BINDING 


Moisture  (percent)  ■  

Specific  gravity  *  ■  

Filler  stress  at  elastic  limit  (lbs.  per  8q.  in.)  

Fiber  stressat  maximum  load  (Ins.  per  sq.  in.)... 

Modulus  orgasticity  (1.000  lb».  per  sq.  in.)  

Work  to  elastic  limit  (inch-lbs.  percu.  in.)  

Work  to  maximum  load  (ineh-l!>s.  per  cu.  in.). 


Green.  Air-dry. 


54.4 
.329 
2,730 
5,200 
1,050 
.43 
.7 


Work,  total  (inch-lbs.  percu.  in.)  ,  17.9 

IMPACT  BENDING,  59-rOUNI>  HA  MM  Kit. 

Moisture  (per  cent)'   73.2 

Specific  ?ravilv»  33 

Fiber  stress  at  elastic  limit  (lbs.  persq.  in.)   7,220  I 


Modulus  or  elasticity  (1.000  lbs.  persq.  in.)  

Work  to  elastic  limit  (inch-lbs.  percu.  in.). 


1.308 
2.2 

Inches  drop  Sf^poundhammor  to  failure  •  24.0 

COMPRESSION  PARALLEL  TO  GRAIN. 

Moisture  (per  cent)'   54. 4 

Specific  gravity'   -32 

Rincs  per  inch  I  '.1 

Summerwood  (percent)   20 

Filler  stress  at  elastic  limit  (lbs.  persq.  in.)   1,680 

Fiborstressat  maximum  load  (lbs.  persq.  in.)   2,2S0 


8.8 
.353 
6,520 
10,500 
1.410 
1.74 
9.2 
19.9 


9.0 
.37 
12,  IVS0 
1,845 
4.8 
29.0 


8.9 
.35 
8.9 
16 
4,9*0 
5,070 


Shipment  504.    From  Clatsop  County.  Ores. 


Oreen  Air-dry 
match-  match- 


in? 
kiln 
runs 
8S,  89. 


49.1 
.316 
3,060 
5,040  i 
1,103 
.47 
5.4 
17.1 


46.1 
.353 
8,020 
1,307 
2.8 
21.0 


49.0 
.313 
14.8 
24 
1,860 
2,200 


inc 
kiln 
runs 


12.4 
.377 
5,910 
8,470 
1.352 
1.511 
7.41 


Kiln 
run 

88. 


9.1 
.380 
6,870 
10,410 
1,551 
1.71 
8.3 
14.6 


13.0  9.1  I 
.377  ;  .375  ' 
10,120  11,590 


1,618 
3.5 
22.4 


12.5 
.374 
6.9 
34 


4,680 


1,702 
4.4 
24 


9.2 
.378 
16.6 


Kiln 
run 


10.7 
.369 
6,090 
9,110 
1.41H 
1.50 
7.7 
13.4 


11.7 

.366 
10,900 
1,650 
4.1 
22 


in.:, 
.371 
17.4 


Oreen 
match- 
ing 
kiln 
runs 
91,  93, 
54. 


5,010  4.530 
5,530  5,100 


41.5 
.338 
3,240 
4.820 
1,065 
.57 
5.4 
13.1 


44.  1 

.339 
7,690 
1,214 
2.7 
19 


41.6 
.337 
13.9 


Air-dry 
match- 
in? 
kiln 
runs 
91,  93, 
94. 


Kiln 
run 
91. 


Kiln 
run 

»3. 


1,950 
2, 190 


12.5 
.367 
5,780 
8,430 
1.394 
1.33 
7.34 


12.2 
.373 
9,940 
1,663 
3.4 
19.5 


7.4 

35 


4,530 


10.7 

.362 
5,820 
9,220 
1,373 

1.43 
9.5 

15.4 


10.8 
.360 
10,380 
1,696 
3.6 
23 


10.4 
.362 
18.4 


IX.  1 

.366 
6.100 
8,890 
1,478 

1.4S 
6.7 


4,600 
5,120 


10.6 
.365 
10,7)0 
1,731 
3.7 
21 


11.7 

.363 
13.8 
66 


Kiln 
run 
94. 


9.4 
.368 
7,320 
10,200 
1,517 
2.01 
7.6 


9.2 
.374 
12, 140 
1,930 
4.3 
25 


8.2 
.373 
14.9 

55 


5,400  6,400 


•  Very  probably  material  which  is  air  dried  even  in  such  small  sizes  does  not  reach  its  absolute  minimum  of  moisture  Tor  several  vears. 

•  Per  cent  moisture  based  on  oven-dry  weight. 

'  Speciflc  gravity  based  on  oven-dry  weight  and  volumo  as  tested. 
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Table  1.— Mechanical  properties  of  Sitka  spruce.    Tabulation  of  test  data.    No  adjustment  for  moisture — Continued. 


Shipment  563.   From  Mult- 
nomah County.  Oreg. 


Properties. 


STATIC  B ENDING. 


Green 
match- 
ing 
kiln 
run 
147. 


Kiln 
run 
117. 


Moisture  (percent) 1   40.5 

Specille  gravity «...  1  .400 

Fiber  stress  at  elastic  limit  (ll>s.  per  sq.  in.)   3.27U 

Fiber  stress  at  maximum  load  (lbs.  per  sq.  in.)   5,967 

Modulus  of  elasticity  (1.000  lbs.  per  sq.  in.)   1.444 

Work  to  elastic  limit  (inch-lbs.  per  cu.  in.)  . 

Work  to  maximum  load  (inch-lbs.  per  cu.  in.)   6.30 

Work,  total  (inch-lbs.  per  cu.  in.)  


10.3 
.425 
7,5X2 
Hi.  7.-.I-, 
1.5(8 


Green 

"ftfjH  Kiln 
lnl?  run 
kiln 
run 
148. 


10.01 


IMPACT  BENDING,  50-POLND  HAMMER. 


Moisture  (per  cent)1  

Specific  grav  ity  >  

Fiber  stress  at  elastic  limit  (lbs.  per  sq.  in.). 
Modulus  of  elasticity  (1.000  lbs  per  sq.  In.).. 
Work  toelastic  limit  (inch-lbs.  per  cu.  in.). 


COMPRESSION  PARALLEL  TO  GRAIN. 


Moisiure  (percent)'  

Specific  gravity1  

Kings  per  inch  

S.iramerwood  (percent)  

Fiber  stress  at  elastic  limit  (lbs.  per  sq.  in.)  

Filler  stress  at  maximum  land  (lbs.  per  sq.  in  ). . 


.397 

.432 

23.7 

32.0 

40.0 

11.3 

.401 

.427 

37.9 
.397 
3,750 
6,084 
1,471 
.f2 
('..  2* 


148. 


2,875  5,973 


37.1 

.396 
9,1554 
1,536 
3.4 

24.7 


38.2 
.393 
13.4 
44 


2.810 


11.5 
.424 
7,333 
10,9(2 
1,685 
1.91 
9.09 


11.8 
.424 
11,843 
1,8(1 1 

4.2 
25.4 


12.3 
.427 
9.01 

3S 


Shipment  578. 


Green 
match- 
ing 
kiln 
run 
163. 


Kiln 
run 
163. 


46.2 
.338 
3,410 
5,180 
l.oss 
.66 
6.S6 


44.1 

.346 
7,300 
1,278 
2.4 

27.5 


43.8 
.315 
8.4 
42 


12.6 
.364 
5,160 
8.720 
1,248 
1.66 
8.66 


10.7 
.375 
11,420 
1,724 
4.2 
26.6 


12.2 
.370 
7.2 
32 


h'.TM    "2,390  I  4,240 


Green 
match- 
ing 
kiln 
run 
171. 


41. 8 
.362 
3,210 
5,160 
1,083 
.52 
5.70 


Kiln 
run 
171. 


42.0 
.370 
7,870 
1,181 
2.9 
26.7 


40.1 

.357 
6.2 
35 


9.9 
.382 
6,910 
10,580 
1,448 
1.87 
8.75 


10.7 
.378 

11,8*11 

1,623 
4.9 
24.3 


9.6 
.378 
6.6 


2,410  6,060 


Green 
match- 
ing 
kiln 
run 
172. 


40.0 
.368 
3,180 
5.120 
1,061 
.55 
6.41 


42.8 
.372 
7,840 
1,168 
3.0 
28.3 


40  S 

.356 
6.S 


Kiln- 
run 

172. 


10.6 
.381 

7,220 
10,520 

1,403 
2. 10 
9.13 

12. 50 


9.8 
.385 
9,780 
1,65« 
3.3 
24.2 


10.7 
.384 
8 
34 


5,920 


'  Per  cent  moisture  bised  on  oven-dry  weight.  »  Specific  gravity  b  lsed  on  oven-dry  weight  and  volume  as  tested. 

The  mochanical  properties  of  all  the  groups  of  material  for  all  conditions  of  seasoning  art 
given  in  the  single  Table  1.  An  additional- special  table  of  data  for  comparing  runs  147  and 
148  is  Table  9.  These  properties  are  avorago  values  of  the  average  for  all  tests  from  each 
double  bolt,  or  S-foot  log.  For  example:  It  has  already  been  mentioned  that  kiln  run  88  was 
made  on  material  from  three  logs  of  shipment  504.  They  were  the  a-b  and  i-j  bolts  of  tree  2 
and  bolt  e-f  of  tree  3.  The  average  property  was  determined  for  each  bolt  separately  and  the 
values  given  in  the  table  are  the  avorages  of  tho  bolt  averages. 

The  four  succeeding  tables  (Tal)les  2  to  5  inclusive)  tabulate  improvement  ratios.  They 
are  obtained  by  different  groupings  of  the  data  according  to  the  points  to  be  brought  out.  The 
first  three  of  those  tahles  (2,  3,  and  4)  pertain  only  to  shipment  504,  for  which  the  air-dry  tests 
completing  the  work  have  been  made. 

TABLE  2. — Improvement  rutin,  Sitka  tpruce,  air-dried  and  kiln-dried,  with  and  without    adjustment  lo  11   per  cent 

moisture.1 

Dry  strength 
Improvement  raf io-0reen  str(,nRtn 


Shipment  504. 


t'lnpertie^. 


An,lri  ^'p-      Air-dry  fo 
ment  325.  matchkiln 

runs  88  and 


I.  R.  !  I.  R. 
I  as  ad- 
tcsted.  justed. 


STATIC  BINDING. 

Filler  stress  at  elastic 


I.  R.  1  1.  R. 

as  ad- 
testcd.  jusicd 


Kiln  run  88.     Kiln  run  f 


I.  R.    I.  R. 

as  ad- 
tested,  justed. 


limit 


Modulus  of  rupture   2.02 


Modulus  of  elasticity 
Work  to  maximum  load. 


Total  work   1.05 


IMPACT  BENDING,  50- 
POUND  HAMMER. 

Fiber  stress  at.  elastic 

limit  , 

Mo  lulus  of  elasticity  

Height  of  drop  


■  (IMPRESSION  PARALLEL 
TO  GRAIN. 

Filler  stress  at  elastic 
limit  

Fiber  stressat  maximum 
lead  


1.36 
1.63 


1.76 
1.35 
1.21 


2.09 
1.81 
1.30 
1.52 
1.04 


1.62 
1.29 
Lis 


1.93 
1.68 
1.16 
1.38 


2.10 
1.80 
1.18 
1.43 


2.24 

2.  as 

1.34 
1.51 

.83 


2. 00 
1.88 
1.29 
1.45 

.87 


1.26  1.32  1.44  1.37 
1.9*  i  J. .w  1.30  1.23 
1.07      1.08      1.14  1.12 


2.22  '  1.97 


2.12  2.37 


2.70  2.37 
2.50  2.22 


1.  R. 

as 

tr*'cd. 


1.98 
1.81 
1.22 
1.43 

.78 


1.36 
1.25 
1.05 


2.44 
2.32 


I.  R. 
ad- 
justed 


1.95 
1.78 
1.21 
1.42 
.78 


1.39 
1.27 
1.05 


2.35 
2.24 


Air-dry  to 

match  kiln 
runs  91.  93. 
and  94. 


Kiln  run  91. 


I.  R.    I.  R.    I.  R. 

as      ad-  as 
tested,  justed,  tested. 


I.  R. 

ad- 
justed 


1.78 
1.75 
1.31 
1.36 


1.93 
1.90 
1.36 
1.42 


1.29  1.33 
1.31  1.38 
1.03  1.03 


2.07  2.37 


1.80 
1.91 
1.29 
1.76 
1.18 


1.35 
1.36 
1.21 


2.35 
2.34 


I.  78 


1.28 
1.74 
i.  is 


I.  R. 

as 
tested. 


Kiln  run  93.     Kiln  run  94. 


1.  R.    I.  R.    I.  R. 

ad-      as  ad- 
justed, tested. justed. 


1.90 
1.84 
1.39 
1.24 


1.91 
1.85 
1.39 
1.24 


2. 26 
2.12 
1.42 
1.41 


2.0.r 
1.94 
1.36 
1.35 


34  1.39 

35  1.39 
21  1.11 


1.38  1.58 
1.38  1.55 
1.11  1.32 


1.49 
1.46 
1.27 


25 

25  2.47 


2.61  2.92 


2.3H 


'  Fiber-saturation  point-23  per  cent. 


I.  R— Improvement  ratio. 
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Table  2  presents  ratios  derived  from  the  properties  of  material  of  shipments  325  and  504 
as  presented  in  Table  1.  Ratios  are  given  both  with  and  without  adjustment  for  moisture 
content.  Tho  next  table  (Table  3)  was  made  up  for  the  reason  that  the  original  data  showed 
a  consistent  variation  in  the  strength  properties  according  as  the  test  specimens  came  from 
near  tho  central  or  the  outer  portions  of  the  tree.  It  was  thought  that  better  comparisons 
between  kiln-dried,  green,  and  air-dried  material  would  be  had  by  using  smaller  units  of  match- 
ing— that  is,  by  groups  more  inherently  aliko.  Table  3  gives  by  inner  and  <mter  portions  the 
properties  of  each  bolt.  ("Outer"  and  "inner"  portions  are  divided  by  the  circumferential 
splitting  lines  as  illustrated  in  fig.  1  (E).)  The  improvement  ratios  included  are  based  on 
average  values  of  properties  of  bolts. 

Table  3. — Properties  of  Sitka  spruce,  shipment  504  (also  improvement  ratios  with  and  uit/tout  adjustment  to  11  per 

cent  moisture). 

SUMMARY  OF  INNER  PORTION  OF  TREES  ONLY. 


Static  bending. 


Impact  bending, 


and 
bolt. 

Seasoning. 

Num- 
ber of 

tests. 

Mois- 
ture. 

M.  Of 
R. 

M.  of 
E. 

Work. 

Num- 
ber of 

ll'sls. 

Mois- 
ture. 

Ut.of 
drop. 

Num- 
ber of 

tests. 

Mois- 
ture. 

Sp.  gr. 
test. 

M.C. 
S. 

2a-b.. 

2  i-j 

3  e-f... 

[Green  to 
J   match  kiln 
1    runs  88  and 
1  89. 

17 
14 
19 

Per 
cent. 



Pounds 
pe; 

square 
inch. 
4,670 
4,640 
5,370 

1 ,000 
pounds 

per 
square 
men. 
1, 185 
1,140 
1,270 

Inch- 
pounds 

per 
cubic 
inch. 

5.8 

4.9 

5.3 

8 
9 
8 

Per 
cent. 

Inches. 

26 

35 
28 
40 

Per 
cent. 

0.336 
.326 
.377 

Pounit 

per 
square 
mch. 
2,100 
2.1  CI  i 
2.440 

18 
21 

4,890 

1,198 

5.3 

21.7 

.346 

2,20(1 

2  a-b.. 

2  i-j  -  -  - 

3  e-f... 

Air    drv  to 
match'  kiln 
runs  88  and 
89. 

1 

IS 
15 

12.4 
12.1 
12.6 

8. 240 
8,220 
8,830 

1.266 
1,347 
1,589 

7.50 
7.41 
7.54 

9 
7 
9 

12.8 
13.1 
12.9 

22.7 
22.7 
25.5 

33 
31 
43 

12. 7 
12.2 
12.3 

.367 
.358 
.411 

4,590 
4,740 
4,890 

12.4 

8,430 
1.72 
1.85 

1,401 
1.17 
1.20 

7.48 
1.41 
1.48 

12.9 

23.6 
1.09 
1.11 

12.  4 

.379 

2.16 
2.39 

L  R.n  



Average  

2 a-b.. 
2 i-j... 
3c-f... 

JeUo.  ran  88. .. 

1  i 

9.5 
9.8 
7.6 

10,101) 
9,730 
10.890 

1.585 
1,515 
1,650 

■VI 

8.5 
8.7 

5 
4 
8 

9.7 
9.5 
7.8 

27 
25 
26 

11 

8 
12 

9.5 
9.0 
7.8 

.378 
.363 
.408 

5,780 
5.14(1 
6.440 

9.0 

10.240 
2.09 
l.Sfl 

1.583 
1.32 
1.27 

8.4 

1.58 

1.4S 

9.0 

26.0 
1.20 
1.17 

8.8 

.383 

5,790 
2.63 
2.26 

I.  R.n  

 — 

2  u-b. . 
2  i-j .  -  - 
8  e-f... 

|  Kiln  run  89... 

1  ! 

11.0 
.10.5 
12.1 

^,  .i.'i!) 

11,000 
9.020 

1, 460 
1.720 
1,555 

6.4 

9.6 
8.0 

7 
3 
6 

10.7 
8.7 
13.2 

20 
29 
23 

14 
6 
12 

lll.d 

9.3 
11.4 

.308 
.361 
.401 

5,460 
6,500 
:,.  1W 

11.2 

9,520 
1.95 
1.8! 

1,578 
1.32 
1.33 

8.0 
1.51 
1 .  ,-)-> 

10.9 

24.0 
1.11 
1.11 

10.2 

.357 

5,380 
2.44 
2.31 

I.  R.  at  test  

 i  

1  c-d.. 
li-j... 
4c-f... 

Green  to 
match  kiln 
runs  91,  93, 
and  94. 

l  t 

22 

4,710 
5,130 
4,620 

1,130 
1,110 
1,094 

4.5 
6.0 
6.6 

8 
9 

6 

15 

36 

.340 
.341 
.327 

2,220 
2.210 
2,140 

19       >  39 

21 

49 

4,820 

1.121 

5.4 

18.3 

.336 

2,190 

le-d.. 
li-j... 
4  e-f... 

[Air    dry  to 
1    match  kiln 
|    runs  91,  93, 
1   and  94. 

19 
23 
23 

12.0 
12. 1 
12.3 

8,220 
9,030 
8,180 

1,450 
1,503 
1,414 

7.85 
8.22 
7.58 

8 
8 
9 

11.8 
114 

13.0 

13.8 
22.8 
21.1 

38 
41 
46 

12.8 
12.6 
12.8 

.368 
.369 
.355 

4,590 
4.930 
4,250 

12.1 

8,477 
1.70 
1.86 

1,456 
1.29 
1.32 

7.88 
1.46 
1.52 

12.1 

19.2 
1.05 
1.0b 

12.7 

.364 

4,590 
2.09 
2.36 

I.  R.n  

1  c-d.. 
li-J... 
4  e-f... 

j  Kiln  run  91... 

ft 

11.4 

EM 

9,110 
9,180 

1,360 
1.690 

12.4 
7.8 

6 
4 

11.6 
11. 5 

28 
22 

is 

8 

io.i 

11.4 

.370 
.366 

5,410 
5, 470 

11.4 

9,140 
1.90 
1.94 

1.528 
1.30 
1.38 

10.1 
1.87 
1.91 

11.6 

25 
1.36 
1.38 

11.1 

.368 

5,440 
2.48 
2.50 

I.  R.  at  test  

IR'<  

1  c-d.. 

li-J 

4c-f... 

^Kiln  ran  93... 

1  * 

y 

11.2 
12.4 
10.0 

7,780 
9,480 
9,610 

1,620 
1,552 
1.450 

5.2 
7.5 
8.8 

3 
2 
2 

10.2 
11.0 
9.6 

21 
24 
24 

8 
4 
4 

12.0 
12.8 
10.3 

.378 
.376 
.355 

5,710 
5,580 
5.960 

11.2 

8,960 
1.86 
1.88 

1.541 
1.37 
1.38 

7.2 

1.33 

1.34 

10.3 

23.0 
1.26 
1.24 

11.7 

.370      5  750 

2.63 
2.79 

'•«•«  



1  c-d.. 
li-j... 
4o-f... 

|Kiln  run  94... 

i  \ 

6.8 
9.4 
10.9 

11,090 
9.120 
9.560 

1.255 
1.436 
1.42(1 

13.1 
7.2 
6.6 

1 
4 
1 

7.7 
8.9 
10.0 

31 
32 
29 

2 
6 
2 

7.1 
7.7 
9.3 

.379 
.377 
.374 

7,620 
7.170 
5,760 

9.0 

9,920 
2.00 
1.86 

1.372 
1.22 
1.19 

9.0 

1.67 

1.55 

8.9 

30.7 
1.68 
1.55 

8.0 

.377 

6,850 
3.13 
2.49 
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Table  3. — Properties  of  Sitka  spruce,  shipment  504  (also  improvement  ratios  with  and  vrithout  adjustment  to  11  per 

cent  moisture— Continued. 


SUMMARY  OF  OUTER  PORTION*  OF  TREES  ONLY. 


Tree 
and 
holt. 

Seasoning. 

Static  bending. 

Impart  bending,  50- 
pound  hammer. 

Compression  parallel  to  grain. 

Num- 
ber of 

tests. 

ture. 

M  of 
R. 

M.of 
E. 

Work. 

Num- 
ber of 

tests. 

Alt  13- 

turc. 

tit.  01 
drop. 

Num. 
ber  of 

tests. 

..  . 
Mois- 
ture. 

Sp.gr. 
test. 

0.347 
.337 
.335 

M. 

S. 

Povvds 
per 

inch. 

2,380 
2,300 
1,970 

 .  .  — 



2a-b.. 

2  t-j  

3  c-[. 

[Green  to 
1  match  kiln 
1  runs  SS  and 
1  89. 

23 
19 
22 

Per 

*  ** 

cent. 

Piunds 

per 
aqunre 
inch. 

5,360 
5.250 
4,750 

1,000 
pounds 

per 
square 

inch. 

1,285 
1.139 
974 

Inch- 
pounds 
per 
cubic 
inch. 

5.7 

5.8 
5.0 

8 
7 
5 

Per 
cent. 

Inches. 

23 
20 
19 

36 
29 
43 

Per 
cent. 

5,120 

1,133 

55 

20.7 

.340 

2,217 

2a-b.. 
2i-j... 
3e-f... 

|  Air  dry  to 
I  match  kiln 
1  runs  91,  93, 
I  and  94. 

20 
19 
21 

12.1 
12.0 
12.5 

8,854 
8,550 
8,050 

1,381 
1,374 
1,166 

8.02 
8.01 
0.13 

7 
9 
6 

12.7 
12.5 
13.2 

24 

21. 5 
17.7 

28 
27 
36 

12.6 
12.3 
13.0 

.380 
.364 
.365 

4,  SCO 
4,850 
4,130 

12.2 

8,485 
1.66 
1.76 

1,307 
1.15 
1.17 

7.39 
1.34 
1.38 

12.8 

21.1 
102 
1.02 

12.6 

.370 

4,613 
2. 08 
2.33 

L  R.„  



2a-b.. 
2  i-j  . . 
3o-f... 

Ljtaln  run  8S  

1 

1 3 

9.9 
8.7 
8-8 

10,580 
11,620 
9,230 

1,565  I  8.7 
1,706  1  9.5 
1,344  j  6.5 

20 
9 
18 

9.8 
8.9 
8.8 

24 
26 
20 

37 
19 
39 

10.3 
9.0 
8.7 

.388 
.375 
.309 

5,480 
5,740 
5. 170 

9.1 

10.480 
2.05 
1.86 

1,538  '  8.2 
1.36  1  1.49 
1.30  I  1.41 

9.2 

23  3 
1.12 
1.10 

9.3 

.377 

5,460 
2.40 
2.20 





2  a-b. . 

2  I— j  -  - . 

3  e-f... 

[Kiln  run  89... 
1 

1  1 

11.8 
8.8 
13.9 

9,520 
10.400 
7,270 

1,442 
1,523 
1,177 

8.4 
8.9 
5-8 

16 
13 
16 

12.1 

9-2 
14.8 

22 
23 
17 

31 
30 
37 

10.2 
9.1 
12.6 

.386 
.358 
.360 

5,560 
5,630 
4,090 

11.5 

9.060 
1.77 
1.81 

1.3S2 
1.22 
1.23 

7.7 

1.40 

1.42 

12.0 

20.7 
1.00 
1.00 

10.6 

.368 

5.090 
2.29 
2.23 

1  c-d.. 
1  i-j... 
4  e-f... 

[Green  to 
1  match  kiln 
j  runs  91,  93, 
I  94. 

17 
18 

26 

4,700 
4,920 
4,830 

945 
1,095 
990 

5.2 
5.2 
5.8 

7 
7 
11 

18 
17 
21 

35 
32 
45 

-334 
.333 
.345 

2,180 
2,230 
2,180 



4,820 

1,010 

5.4 

18.7 

.337 

2,200 

1  c-d.. 
1  i-j... 
4e-f... 

Air    dry  to 
match  kiln 
runs  91,  93, 
and  94. 

1  16 
16 

29 

12.6 
12.2 
12.9 

8,440 
8,500 
8,110 

1,441 

1,387 
4,199 

7.10 
7.72 
6.84 

7 
8 
5 

12.1 
12. 1 
12.6 

20.0 
21. 5 
17.2 

29 
32 
41 

12.8 
12.9 
13.3 

.362 
.300 
.365 

4,520 
4,640 
4,200 

12.6 

8,350 
1.73 
1.88 

1,342 
1.33 
1.39 

7.22 
1.33 
1.39 

12.3 

19.6 

13.0 

.3(12  4.45.1 

1.05 

2.02 
2.33 

1.06 

1  c-d. . 
1  i-j... 
4  c-f... 

[■Kiln  run  91 . . . 
1 

1  1 

10.9 
9.6 
12. 0 

9,800 
9,620 
8,300 

1,425 
1,315 
1,288 

11.0 

8.9 

6.1 

11 
8 
11 

11. 1 

8.5 
11.6 

23 
21 
19 

25  1  10.3 
16  9.3 
31  10.7 

.352  5,190 
.355  5,110 
.367  4,810 

10.8 

9,240 
1.92 
1.90 

1,343 
1-33 
133 

8.9 

1.65 

1.64 

10.4 

21.0 
1.12 
111 

10.1 

.360  5.040 



2.29 
2.16 



1  c-d.. 
li-j... 
4  e-f... 

jlviln  run  93... 

1  i 

10.2 
11.8 
11.1 

8.930 
9.210 
8,840 

1.458 
1,600 
1,265 

6.6 
7.4 
6.2 

4 

6 
5 

10.6 
11.2 
10.5 

20 
25 
17 

8 
10 
11 

12.0 
11.7 
11.4 

.350 
.363 
.360 

5,040 
5,710 
4,770 

11.0 

8,990 
1.86 
1.86 

1,441 
1.43 
1.43 

6.7 
1.24 
1.24 

10.8 

20.7 
111 
1.11 

11.7 

.358 

5,170 
2.35 
2.48 

1  c-d.. 
li-j.. 
4  e-f... 

!■  Kiln  run  94... 
1 

1  1 

9.5 
9.8 
9.4 

10,02(1 
10,800 
10,280 

i.530 
•1,720 
1,435 

7.3 
8.1 
6.9 

9 

5 

8 

9.2 
9.7 
9.1 

24 
28 
21 

18 
12 
18 

7.8 
9.0 
8.3 

.366  6,200 
.379  6,880 
.374  5,910 

9.6 

10,370 
2.15 
1.99 

1,562 
1-55 
1.48 

7.4 

1.37 

1.33 

9.3 

24.3 
1.30 
1.26 

8.4 

.373  fi.330 



2.88 
2.39 

Explanation  of  terms,  etc.: 

Moisture  content  based  on  oven-dry  weight 

M.  of  K.=  Modulus  of  rupture— pounds  per  sqtmro  inch. 

M.  of  E.=>  Modulus  of  elasticity— 1,000  pounds  per  square  inch. 

\Vk.=  \Vork  to  maximum  load— inch-pounds  per  cubic  inch. 

M.  C.  S.=  Maximum  crushing  strength— pounds  per  square  inch. 

Ht.  of  drop=  Height  of  drop  of  50-pound  hammer  to  complete  failure— inches . 

.     dry  strength 
I.R.-ImprovemcntraUo-^,,^^,,. 

I.  R. n=  Improvement  ratio — adjusted  to  11  percent  moisture. 

Sp.  gr.  test=  Specific  gravity  based  ou  oven-dry  weight  and  volumo  as  tested. 
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Improvement  ratios  based  on  a  still  further  subdivision  of  the  unit  for  matching  are  shown 
in  Table  4.  These  are  derived  from  some  of  the  values  shown  in  the  preceding  table.  Only 
the  extreme  lower  and  upper  bolts  from  among  those  availablo  are  included,  so  that  the  trees 
2  and  3,  having  only  tho  bolts  e-f,  are  not  represented.  Tables  3  and  4  serve  the  purpose  of 
detecting  differences,  if  any  exist,  between  tho  effect  of  drying  on  material  from  different  parts 
of  tho  trees,  and  are  useful  in  supporting  tho  conclusions  reached  from  the  study  of  ratios  based 
on  the  general  properties  shown  in  Table  2. 

Table  4. — Summary  of  improvement  ratios  according  to  bolts — Sitka  spruce — shipment  504-    Kiln  runs  88,  89,  91,  93. 

and  94  and  air  dry  to  match. 


Property, 


It.  oi  R. 


M.  of  E . 


Work . 


M.C  S... 


lit.  of  drop.. 


Si'uscimiiK. 


Air  dry  to  match  kiln 
runs  SS  and  89. 


K;ln  run  88. 
Kiln  run  89. 


Air  drv  to  match  kiln 
runs  91,  93,  and  94. 


Kiln  run  91 . 
Kiln  run  93. 
Kiln  run  94 . 


Air  drv  to  malch  kiln 
runs  88  and  89. 


Kiln  run  88. 
Kiln  run  89. 


Air  drv  to  matcli  kiln 
runs  91,  93,  and  94. 


Kiln  run  91 . 
Kiln  run  93 . 
Kiln  run  91. 


Air  drv  to  match  kiln 
runs  "88  and  89. 


Kiln  run  88. 
Kiln  run  89. 


Air  dry  to  match  kiln 
runs  91,  93,  and  94. 

Kiln  run  91  

Kiln  run  93  

Kiln  run  94  


Air  dry  to  malch  kiln 
runs  88  and  89. 


Kiln  run  SS. 
Kiln  run  89. 


Air  drv  to  match  kiln 
runs  91,  93,  and  91. 

Kiln  run  91  

Kiln  run  93  

Kiln  run  94  


Air  drv  to  match  kiln 
runs  88  and  89. 


Kiln  run  88. 
Kiln  run  89. 


Air  dry  to  match  kiln 
runs  91,  93,  and  94. 


Kiln  run  91 . 
Kiln  run  93 . 
Kiln  run  94. 


Inner  portion. 

Outer  portion. 

1  Tree. 

Bolts. 

Lower  holt,  A-B  or 
C-D. 

Upper  bolt,  I-J. 

Lower  holt.  A-B  or 
C-D. 

Upper  holt.  I-J. 

No. 

L  R.  as 
tested. 

I.  R.  ad- 
justed. 

1.  R.  as 
tested. 

I.  R.  ad- 
justed. 

I,  R.os 
tested. 

I.  R.  ad- 
justed. 

1.  R.  as 
tested. 

I.  R.  ad- 
justed. 

1 

2 

3 

4 

5 

6 

7 

8 

2 

A-B,  I-J  

1.70 

1.90 

1.  77 

1.87 

1.65 

1.74 

1.63 

1.71 

2 

1  2 

A-B,  I-J.... 
A-B,  I-J.... 

2. 16 
1.82 

1.98 
1.82 

2.09 
2.37 

1.96 
2.29 

1.97 
1.78 

1.86 
1.86 

2.  22 
1.98 

1.95 
1.78 

1 

C-D,  I-J.... 

1.74 

1.83 

1.76 

1.86 

1.80 

1.97 

1.73 

1.84 

1 

2.08 

2.07 

1.95 

1.82 
1.96 
2.04 

! 

C-D,  I-J.... 
C-D,  I-J.... 

1.65 
2.35 

1.67 
1.86 

1.85 
1.78 

2.00 
1.66 

1.90 
2. 14 

1.83 
1.97 

1.87 
2. 19 

1  2 

A-B  I-J  

1.07 

1.08 

1.18 

1.20 

1.08 

1.09 

1.21 

1.23 

2 
2 

A-B,  I-J  

A-B,  I-J.... 

1.34 
1.23 

1.30 
1.23 

1.33 
1.51 

1.30 
1.48 

1.22 
1.12 

1.20 
1.11 

1.50 
1.34 

1.41 
1.28 

1 

C-D,  I-J.... 

1.28 

1.31 

1.32 

1.38 

1.52 

1.62 

1.27 

1.30 

1 

1.51 

1.51 

1.20 

1.18 

1 
1 

C-D,  I-J.... 
C-D,  I-J.... 

1.43 
1.11 

1  44 
1.08 

1.36 
1.26 

1  *2 
1.23 

1.54 
1.62 

1.50 
1.54 

1  46 
1.57 

1. 50 
1. 51 

2 

\-B  I-J 

1.29 

1.34 

1.51 

1. 57 

1.41 

1.46 

1.38 

1.42 

2 
2 

A-B,  I-J.... 
A-B,  I-J  

1.40 
1. 10 

1.35 
1.10 

1.73 
1.96 

1.65 
1. 91 

1.53 
1.47 

1.48 
1.51 

1.64 
1.53 

1.52 
1.41 

1 

C-D,  I-J  

1.74 

1.83 

1.37 

1.41 

1.36 

1.43 

1.4S 

1.55 

1 

C-D,  I-J 

2.23 

2.22 

1.71 

1.62 

1 
1 

C-D,  I-J.... 
C-D,  I-J.... 

1.15 
2.91 

1.15 
2.20 

1.25 
1.20 

1.29 
1.17 

1.27 
1.40 

1.25 
1.35 

1.42 

1.56 

1.46 
1.50 

2 

A-B,  I-J.... 

2.19 

2.48 

2.31 

2.54 

2.01 

2.28 

2.11 

2.31 

2 
2 

A-B,  I-J  

A-B,  I-J.... 

2.75 
2.60 

2.46 
2.42 

2.50 
2.68 

2.19 
2.37 

2.30 
2.34 

2.20 
2.22 

2.49 

2.45 

2.18 
2.17 

1 

C-D,  I-J  

2.06 

2.34 

2.23 

2.52 

2.07 

2.35 

2.08 

2.39 

1 

C-D,  I-J 

2.38 

2.29 

2.30 

2.07 

1 
1 

C-D,  I-J.... 
C-D,  I-J.... 

2.57 
3.42 

2.80 
2.53 

2.52 
3.24 

2.97 
2.52 

2.31 
2.84 

2. 49 
2.28 

2.36 
3.08 

2.  71 
2.62 

2 

A-B,  I-J.... 

.87 

.85 

1.26 

1.32 

1.04 

1.05 

1.07 

1.08 

2 
2 

A-B,  I-J.... 
A-B,  I-J.... 

1.038 
.77 

1.03 
.78 

1.39 
1.61 

1.34 
1.49 

1.04 
.96 

1.04 
.96 

1.30 
1. 15 

1.25 
1. 13 

1 

C-D,  I-J  

.92 

.92 

1.20 

1.21 

1.11 

1. 12 

1.25 

1.28 

1 

C-D,  I-J 

1.28 

1.28 

1.24 

1.20 

1 
1 

C-D,  I-J.... 
C-D,  I-J.... 

1.40 
2.06 

1.37 
1.76 

1.26 
1.68 

1.26 
1.56 

1.11 
1.33 

1.11 
1.28 

1.47 
1.64 

1.48 
1.56 

Explanation  of  terms: 

M.  of  U.=  Modulus  ofrupture,  static  bonding. 

M.  of  E.  =  Modulus  of  elasticity,  static  bending. 

Work= Work  to  maximum  load,  static  bending. 

M.  C.  S.=  M:ivimuiB  crushing  strength,  compression  parallel  to  grain 

lit.  of  drop=  Height  of  drop,  impact  bending. 

I.  R.= Improvement  ratio. 

Improvement  ratios  adjusted  to  11  per  cent  moisture. 
Fiber-saturation  point=23  percent. 
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The  improvement  ratios  for  material  from  shipments  563  and  578  (Table  5),  for  which 
the  air-dried  material  is  not  yet  ready  for  test,  are  obtained  hi  a  somewhat  different  manner. 
The  ratios  are  computed  for  individual  double  holts,  but  without  subdivision  into  inner  and 
outer  portions  for  each  kiln  run.  The  averages  for  the  ratios  for  the  several  bolts  are  then 
regarded  as  the  improvement  ratios  corresponding  to  the  kiln  run.  The  ratios  were  so  derived 
for  kiln  runs  147,  148,  163,  171,  and  172,  and  arc  shown  in  Table  5. 

Table  5. — Improvement  ratios  according  to  bolts  (adjusted  to  11  jur  cent  moisture). 
(Sitka  JpWOW  Kilnhms  147  and  148,  shipment  MS,  and  kiln  runs  103. 171.  and  1 72.  shipment  .17S.J 


Compression  parallel 
to  grain. 


Seasoning 


Kiln  run  147  (ship.  AOS). 


A  verage 


Average 

Kiln  run  163  (ship.  578).  JijiJ 
Average 

Kiln  run  171  (ship. 

A  verage 
Kiln  run  172  (ship.  578) 

Average   2.06 


M.  of  R.»  Modulus  of  rupture. 

M.  o(  E. —Modulus  of  elasticity. 

Max.  or.  strength  — Maximum  crushing  strength 

I.  R. —  Improvement  ratio. 

Fiber-saturation  p  >int— 23  per  cent  . 

The  improvement  ratios  as  given  in  Tables  2,  3,  4,  5,  and  10  are  put  into  graphical  form 
in  figures  8,  9,  and  10.  Figure  8  also  shows  ratios  for  air- seasoning  of  a  closely  a'llied  species , 
red  spruce,  basetl  on  data  from  a  bulletin  of  the  Forest  Service.'  In  figure  8  the  values  plotted 
for  previous  air-dry  tests  of  shipment  325  and  the  values  of  improvement  ratios  shown  by  dotted 
lines  (shipment  504,  kiln  runs  88,  89,  91,  93,  94)  are  from  Table  2.  The  last  five  ratios  under 
each  property  are  the  average  values  taken  from  Table  5.  Ratios  from  Table  3  are  also  graphed 
in  this  figure. 

The  ratios  of  Table  4  are  plotted  in  figure  9.  Figure  10  shows  the  ratios,  by  individual 
bolts,  for  runs  147  and  148,  from  Table  10.  This  figure  is  included  because  of  the  bearing  of 
these  ratios  on  the  question  of  the  effect  of  high  temperature. 

DISCUSSION. 

COMPARISON  OF  KII..M-PRIED  WITH  MATCHED  AIH-DKIKD  MATERIAL. 

The  outstanding  fact  indicated  by  figure  9  and  by  that  part  of  figure  8  pertaining  to  material 
for  which  air-dry  tests  are  available  (shipment  504)  is  the  very  general  excellence  of  the  material 
which  has  been  kiln  dried,  as  compared  in  each  case  with  the  corresponding  air-dried  stock. 
Irrespective  of  the  unit  of  matching,  whether  matched  by  units  of  three  whole  bolts,  by  the 
inner  and  outer  portions  for  three  bolts,  or  by  inner  and  outer  portions  for  individual  bolts, 


1  Forest  Service  Bulletin  70,  The  Filed  of  Moisture  on  the  Strength  and  Stillness  of  Wood. 
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the  excellence  of  the  kiln-dried  material  is  general 
with  respect  to  all  of  the  five  properties. 

The  conclusions  as  to  the  relative  merits  of  the 
various  kiln  runs  are: 

(1)  Of  the  two  runs  88  and  89  made  on  the 
same  group  of  material,  89  is  the  poorer,  although  it 
is  better  than  the  corresponding  air-dry  except  in  com- 
pression parallel,  and  possibly  also  in  height  of  drop. 

(2)  In  the  other  group  of  material  (including 
runs  91,  93,  and  94)  kiln  run  94  shows,  with  most  con- 
sistency, the  highest  improvement  ratio.  Taking  all 
the  properties  into  consideration,  it  is  difficult  to  chooso 
between  runs  91  and  93.  If,  however,  we  base  a  deci- 
sion on  the  highly  important  properties  of  work  to 
maximum  load  and  height  of  drop,  it  would  be  con- 
cluded that  run  91  is  the  better,  in  spite  of  the  higher 
temperature  used  throughout  the  run. 

It  will  be  noticed  that  the  air-dried  material  of 
the  group  matching  runs  88  and  89  shows  about  the 
same  improvement  over  green  as  does  that  of  the 
group  matching  runs  91,  93,  and  94,  and  that  they 
differ  considerably  less  from  each  other  than  they  do 
from  the  air-dry  of  the  previous  shipment,  325.  The 
property  which  is  an  exception  to  this  statement  is 
the  very  variable  and  less  important  one  of  modulus 
of  elasticity.  This  brings  out  the  point  that,  while 
the  relative  suitability  of  the  several  kiln  runs  can  bo 
determined  by  intercomparison  of  the  improvement 
ratios,  it  is  not  possible  to  state  positively  that  any 
of  them  give  improvements  equal  or  superior  to  those 
to  be  obtained  by  air  drying  until  matched  air-dried 
material  has  actually  been  tested.  To  illustrate:  If 
tests  on  the  air-dried  groups  matching  kiln  runs  88, 
89,  91,  93,  and  94  were  not  available,  and  judgment 
of  these  runs  had  to  be  based  on  a  comparison  of  their 
improvement  ratios  with  those  of  the  previously  tested 
air-dry  of  shipment  325,  and  without  any  allowance 
for  variability,  the  conclusion  would  be  reached  that 
of  these  runs  94  alone  had  yielded  stock  equal  or 
superior  to  air-dry.  It  is  now  evident  that  such  a 
comparison  would  be  misleading.  It  so  happens  that 
in  this  instance  this  method  of  comparison  is  safe,  in 
that  it  docs  not  give  a  false  idea  concerning  the  safety 
of  kiln-drying.  On  the  other  hand,  it  might  happen 
that  such  a  comparison  would  lead  to  the  conclusion 
that  a  given  drying  process  was  entirely  safe,  when 
such  was  not  the  case.  However,  in  making  such 
comparisons  careful  consideration  must  bo  given  to 
the  variations  to  be  expected.  This  was  done  in  the 
first  analysis  of  the  effect  of  runs  88,  89, 91, 93,  and  94, 
and  the  conclusion  was  reached  that,  with  the  possible 
exception  of  run  89,  all  had  given  satisfactory  results. 
That  all  the  runs,  89  included,  have  given  satisfac- 
tory results  is  indicated  by  the  data  presented  herein. 
153215— S.  Doc.  166,  66-2  34 
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The  above  conclusions  have  been  arrived  at  by  a  consideration  of  the  ratios  shown  in 
figures  8  and  9,  mentally  balancing  a  deficiency  in  one  property  against  superior  excellence  in 
another.  While  it  is  necessary  to  exercise  care  in  any  attempt  to  reduce  comparisons  to  an 
exact  mathematical  basis,  it  is  interesting  to  note  how  comparisons  on  such  a  basis  lead  to 
practically  the  same  conclusions  as  given.  Table  6 1  gives  the  results  of  a  computation  of  the 
"efficiencies"  of  the  various  runs. 


STATIC  B ENDING 


J  )fO<jTf> 


COMPRESSION 
PARALLEL 


MODULUS  OFRUPTURE 


MoirrieaGntp  Moltfifa  Group 
24/  "  -/  *  > 


LEOTfwD 

IMPACT 
BENDING 


MM.CRUSH.  STRENGTH 


WRK1DMAXMUM  LOAD 

MODULUS  OF  ELASTICITY 


HEIGHT  OF  DROP 


Pi 


A 


[1 


1 

—ft 

in 

i 

- 

A 

JX, 


ftflta 


Flo.  9.— Improvement  ratios  lor  comparing  upper  and  lower  bolts  and  inner  and  outer  portions,  Sitka  spruce,  shipment  504. 
Table  G.— Efficiencies  of  various  kiln  runs — Sitka  spruce — Shipment  504. 


Property. 

F 

Kiln  run  88. 

Kiln  run  89. 

Kiln  run  91. 

Kiln  run  93. 

Kiln  run  94. 

E 

EXF 

E 

ExF 

E 

EXF 

E 

EXF 

E 

EXF 

Maximum  crushing  strength  

2 
4 

3 
3 
2 

Per  cent. 
104.3 
109.0 
102.2 
103.8 
93.7 
513. 0 
102.0 

208.  r. 
430.0 
300.0 
311.4 
187.4 

Per  cent. 
98.9 

102.5 
99.3 
97.3 
94.5 

492.5 

197.8 
410.0 
297.9 
291.9 
189. 0 

Per  cent. 

'.IS.  \) 

94.1 
122.0 
114.1 

95.0 
524. 7 
104.9 

197.8 
370. 4 
307.8 
342.3 
190.0 

Per  cent. 

97.4 
102.3 

87.4 
104.8 
110.5 
502.4 
100.5 

194.  S 
409.2 
202. 2 
314.4 
221.0 

Per  cent. 

102.3 
100.0 
95.0 
119.9 
100. 5 
517.7 
103.5 

204.2 
400.0 
285.0 
339.7 
201.0 

98.5 

1,450.0 
103.  G 

1,370.0 
98.3 

1,474.3 
105.3 

1,101.0 
100.1 

1,449.9 
103. 0 

S(EXF)+SK-  Weighted  average  E. 

F=  Weighting  factor. 
E- Efficiency 


Improvement  ratio  lor  property  of  kiln-dry  

Improvement  ratio  forsainc  property  of  corresponding  air-dry 


1  The  weighting  factors  Fused  in  this  and  other  tables  are  those  which  have  been  used  In  computing  a  composite  figure  to  measure  the  suit- 
ability of  various  species  for  aircraft  use.  The  relative  importance  of  the  various  properties  and  the  applicability  of  such  factors  in  the  present 
instance  might  bo  subject  to  somo  Question.  However,  the  facts  that  the  "average  efficiencies"  and  "weighted  average  efficiencies"  as  given  in 
Table  0  do  not  differ  significantly,  and  that  both  methods  put  the  various  kiln  runs  in  the  same  order,  Indicates  that,  in  the  present  Instance  at 
least,  any  reasonable  weighting  scheme  would  bring  approximately  the  same  results. 
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Table  6  is  derived  from  figure  8  and  with  its  footnotes  is  self-explanatory.  The  arrange- 
ment of  kiln  runs  in  order  of  descending  weighted  average  efficiencies  as  obtained  from  Table  6 

is  as  follows:  Efficiency 
.  (percent). 

Air  drying   100.0 

Kiln  run  91   105.3 

Kiln  run  88   103.6 

Kiln  run  94   103.6 

Kiln  run  93   100.1 

Kiln  run  89   98.  3 

Comparison  with  figure  3  shows  that  the  above  list  puts  the  kiln  runs  approximately  in  descend- 
ing order  with  respect  to  temperatures.  It  is  also  notable  that,  measured  by  this  method,  all 
runs  except  89  gave  results  superior  to  air  drying. 

Table  7. — Efficiencies  of  various  kiln  runs—Silka  spruce— Shipment  504 — Upper  bolts. 

(A)— OUTER  PORTION.  / 


Property. 

F 

Kiln  run  88. 

Kiln  run  89.           Kiln  run  91. 

Kiln  run  93. 

Kiln  run  91. 

E 

ExF 

E 

EXF 

E 

EXF 

E 

EXF 

E 

EXF 

Modulus  of  rupture  

Work  

S(EXF)  

2 
4 
3 
3 
- 

Per  cent. 
113.4 
115.3 
107.0 
110.0 
94.2 

220.8 
401.2 
321.0 
318.0 
188.4 
1,5)5.4 
110.4 

Per  cent. 
104.0 
101.0 

99.3 
101.  5 

94.0 

208.0 
410.0 
297.9 
313.5 
188.0 
1,423.4 
101.7 

Per  cent. 

98.9 
90.8 
101.8 
93.5 
80.0 

197.8 
303. 2 
314.4 
280.5 
173.2 
1,329.1 
94.9 

Per  cent. 
100.  5 
115.2 
91.1 
115.8 
113.5 

213.0 
400.8 
282.3 
317.4 
227.0 
1,530.5 
109.3 

Per  cent. 
113.0 
110.9 
90.9 
121.0 
109.7 

220.0 
407.  0 
290.7 
30-1.8 
219.4 
1,508.5 
112.0 

2(ExF)+SF=weighted  avciagcE.. 

(.A)— INNER  PORTION. 

Property. 

F 

Kiln  run  88. 

Kiln  run  89. 

Kiln  run  91. 

Kiln  run  93. 

Kiln  run  94. 

E 

EXF 

E 

EXF 

E 

EXF 

E 

EXF 

E 

EXF 

Modulus  of  rupture  

2 
4 

3 
3 
2 

Percent. 
104.9 
108.2 
105. 9 
101.5 
80.2 

209.8 
432.8 
317.7 
301.  5 
172.4 
1,437.2 
102.7 

Per  cent. 
122. 3 
121. 0 
121.0 
113.0 
93.4 

244.  0 

49a  0 

304. 8 
339.0 
180.8 
1,031.2 
110.5 

Per  cent. 

Pe'  cent. 
107.5 
101. 3 
89.5 
105.0 
118.0 

215.0 
417.2 
208.5 
315.0 
230.0 
1,451.7 
103.7 

Per  cent. 

89.2 
90.5 
82.4 
128.0 
100.0 

178.4 
302.0 
247.2 
381.0 
200.0 
1,371.0 
97.9 

Work  

Z(EXF)  

2(ExF)-*-SF-weighted  average  E.. 

F=«  Weighting  factor 
E—  Efficiency 


Improvement  ratio  fur  property  <>f  kiln  dry 


Improvement  ratio  for  same  property  of  corresponding  air  dry 

Table  8. — Efficiencies  of  kiln  runs — Sitka  spruce — Shipment  504— Lower  bolts. 
(A)— OUTER  PORTION. 


Property. 


Modulus  of  rupture  

Modulus  of  elasticity  

Work  

Drop  

Compression  

S(EXF)  

2(  E  x  F)+S  F-  weighted  average  E . 


Kiln  run  88. 


E 


Per  cent. 
I0t>.  9 
110.0 
101.2 
98. 1 
90.5 


EXF 


213.8 
440.0 
303.0 
294.3 
193.0 
1,441.7 
103.2 


Kiln  run  89. 


Per  cent. 

100. 9 
101.  9 
103.3 
90.0 
97.4 


EXF 


213.8 
407.0 
309.9 
271.  S 
194.8 
1,397.9 
99.7 


Kiln  run  91. 


E 


Per  cent. 

105. 0 
93.8 
155. 0 
114.2 
92.0 


EXF 


210.0 
375.2 
465.0 
342.0 
185.2 
1,578.0 
112.7 


Kiln  run  93. 


E 


Per  cent. 

92.9 
92.5 
87.4 
100.0 
105.5 


EXF 


185.8 
370.0 
202.  2 
300.0 
211.0 
1,329.0 
94.7 


Kiln  run  94. 


E 


Per  cent. 

10U.0 
95.0 
94.4 

114.2 
90.5 


EXF 


21)11.0 
380.0 
283.2 
342.0 
193.0 
,398.8 
99.0 


(B) — INNER  PORTION. 


Property. 

F 

Kiln  run  88. 

Kiln  run  89. 

Kiln  run  91. 

Kiln  run  93. 

Kiln  run  94. 

E 

EXF 

E 

EXF 

E 

EXF 

E 

EXF 

E 

EXF 

2 
4 
3 
3 
2 

Per  cent. 
101.  1 
120.2 
100.9 
121.0 
99.1 

208.2 
480.8 
302.7 
303.0 
198.2 
1,552.9 
111.0 

Per  cent. 
95.7 
114.9 
82.0 
91.7 
97.5 

191.4 
459.0 
240.0 
275.1 
195.0 
1,307.1 
97.5 

Per  cent. 

Per  cent. 

91.  1 
119.0 

62.8 
148.9 
119.7 

182. 2 
470.0 
188.4 
440.7 
239.4 
1,532.7 
109.5 

Per  cent. 

108. 1 
88.5 
120.  1 
191.2 
108.0 

206.2 
354.0 
300.3 
573.0 
210.0 
1,710.  1 
122.  1 

2(E x  F) -i-2 F=  weighted  average  E . . 

V—  Weighting  factor 
E=»  Efficiency 


Improvement  ratio  for  property  of  kiln  dry 


Improvement  ratio  for  same  property  of  corresponding  air  dry 


502 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Tables  7  and  8  present  data  similar  to  those  of  Table  6,  but  derived  from  figure  9.  Thoy 
show  efficiency  figures  for  various  smallor  groups  of  material.  Tables  7  and  8,  as  would  be 
expected,  disclose  considerably  greator  variations  than  aro  shown  in  Table  6.  The  averages 
naturally  show  variations  from  those  of  Table  6.  In  no  case,  however,  is  the  drop  of  these 
averages  below  100  per  cent  serious.  Somo  rather  low  "efficiencies"  for  individual  properties 
are  found  among  these  figures  for  smaller  groups  of  material.  It  is  notable,  however,  that 
there  are  few  cases  in  which  both  work  to  maximum  load  and  drop,  or  both  modulus  of  rupture 
and  maximum  crushing  strength,  fall  low.  It  is  doubtful  also  whother  such  variations  as  are 
found  in  these  tables  can  be  supposod  to  bo  tho  result  of  the  kiln  processes.  It  is  more  prob- 
able that  they  result  from  actual  inherent  differences  between  the  kiln-dried  and  air-dried 
material.  Such  differences  are  more  likely  to  occur  between  small  groups  than  between  large 
ones.  In  other  words,  the  differences  between  small  groups  of  tests  are  likely  to  have  little 
meaning,  and  conclusions  as  to  the  effect  of  the  kiln  processes  can  best  be  reached  from  con- 
sideration of  tho  larger  groups. 

Table  6,  then,  leads  to  the  following  conclusions,  which  are  practically  the  samo  as  those 
previously  stated: 

1.  Runs  88,  91,  93,  and  94  have  produced  material  equal  or  superior  to  material  that  was 
air-dried. 

2.  Run  89  is  probably  the  poorast  of  the  runs,  but  may  be  considered  practically  equal 
to  the  air-dry. 

From  Nos.  1  and  2  would  follow: 

3.  Within  the  limits  used,  115°  to  180°  F.,  the  strength  properties  of  Sitka  spruce  are 
independent  of  the  temperature  of  drying  (but  see  following  paragraph). 

As  has  been  mentioned,  it  is  to  be  expected  that  a  given  process  or  set  of  drying  conditions 
will  have  a  different  effect  on  different  groups  of  material  from  the  same  species,  and  that  it 
may  be  possible  for  a  process  to  be  safe  for  one  group  and  very  damaging  to  another.  This 
expectation  has  been  fulfilled  in  this  series  of  tests,  and  consideration  of  some  of  the  runs  yet 
to  be  discussed  necessitates  a  considerable  modification  of  conclusion  No.  3  above. 

DISCUSSION  OF  RUNS  FOR  WHICH  DATA  ON  MATCHED  AIR-DRIED  MATERIAL  ARB  NOT  YET  AVAILABLE. 

Consideration  is  now  to  bo  given  to  material  from  additional  kiln  runs.  Air-dried  material 
matched  to  that  dried  in  these  runs  and  tested  is  not  yet  available  for  test. 

Runs  147  and  148. — Two  of  these  runs  (147  and  14S)  are  particularly  worthy  of 
attention. 

Run  147  was  made  on  pieces  2\  by  2}  inches  in  section,  by  4  feet  long.  The  temperature 
was  130°  F.  at  the  boginning  and  150°  F.  at  the  end.  The  humidity  and  steaming  treatments 
were  so  regulated  as  to  keep  casehardening  at  a  minimum.  Run  148  was  on  material  from  the 
samo  logs  as  run  147;  material  was  in  the  form  of  wide  planks  2J  inches  thick  and  the  tempera- 
tures were  160°  F.  initial  and  180°  F.  final. 

Strength  data  for  these  runs  are  given  in  Tables  1  and  9.  Improvement  ratios  are  shown 
in  Table  5  and  in  figure  8.  These  improvement  ratios  are  based  on  all  the  material  in  each 
run  as  compared  to  corresponding  green  material,  and  serve  for  a  general  comparison  of  these 
two  with  other  runs. 
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Tahle  9. —  Mechanical  properties  of  Sitka  spruce. 
[Special  table  for  comparing  kiln  runs  147  and  148,  shipment  503.] 


Static  bending. 


Kiln  runs. 

Tree  and  bolt. 

Moisture.1 

Specific  gravity.* 

Modulus  of 
rupture. 

Modulus  of 
elasticity. 

Work  to  maximum 
load. 

Kiln  run 
147  or 
148. 

Green. 

Kiln  run 
147  or 
148. 

Green. 

Kiln  run 
147  or 
148. 

Green. 

Kiln  run 
147  or 
148. 

Green. 

Kiln  run 
147  or 
148. 

Green. 

147  

(1  c-d  

Per  cent. 
11.2 
10.5 
10.2 
9.9 

Per  cent. 
40.0 
36.4 
32. 2 
37.4 

0.446 
.404 
.410 
.390 

0.423 
.382 
.392 
.365 

Pounds 
ptr  square 
inch. 
11,900 
9,460 
10,000 
9,930 

Pounds 
pir'iquart 

inch. 
6,370 
5,728 
5,630 
5,355 

1,000 
pounds 
per  square 
inch. 
1,760 
1,323 
1,302 
1.436 

1,000 
pounds 
ptr  square 
inch. 
1,745 
1.738 
1,398 
1.135 

Inch- 
pounds 
per  cubic 
inch. 

Inch- 
pounds 
per  cubic 
inch. 

12  0-1)  

7.4 

4.90 

148  (outer  portion)  

2  c-d  

U  c-d  

(1  c-d  

7.7 

5.90 

10.4 

36.6 

.412 

.391 

10.322 

5,771 

1.455 

1,504 

7.6 

5. 40 

123 
9.8 
10.0 
11.5 

36.0 
32.4 
51.2 
34.3 

.445 
.409 
.418 

.375 

.411 
.389 
.352 
.359 

10,914 
11.360 
11.741 

9,300 

0,579 
5,980 
5,709 
5,904 

1,671 
1,803 
1.677 
1,220 

1,604 
1.405 
1.358 
1.392 

12  a-b  

12  c-d  

8.6 

6.49 

(5  c-d  

6.9 

6.23 

10.9 

38. 5 

.412 

.378 

10.829 

6.043 

1,593 

1,440 

7.8 

6.36 

Kiln  runs. 


Average.. 


14S  (outer  por- 
tion)  


Average. 


Tree  and 
bolt. 


1  c-d. 

2  a-b. 
2  c-d. 
5  c-d. 


Impact  bending,  50-pound  hammer. 


Moisture.' 


Kiln 
run  147 
or  148. 


Per  cent. 
10.5 
10.0 
9.7 
10.4 


10.1 


1  c-d. 

2  a-l). 
2  c-d. 
5  c-d. 


11.2 

10.8 
10.3 
12.0 


11.1 


Specific  gravity.'    Height  of  drop 


Green. 


Kiln 
run  147 

or  US. 


Per  cent. 
40.2 
35.0 
32.8 
36.2 


0.445 
.421 
.421 

.390 


36.1 


.419 


37.8 
31.8 
35.4 
31.5 


.440 
.409 
.414 


34.1 


Green. 


0.410 

.377 
.384 
.368 


.885 


.402 
.389 
.395 
.362 


Kiln 
run  147 
or  148. 


Green. 


Inches. 

38.0 
28.0 
31. 0 
25.5 


30.6 


29.0 
250 
24.0 
16.0 


24.0 


Inches. 
28.0 
19.2 
20.0 
20.4 


21.9 


Compression  parallel  to  grain. 


Moisture.1 


Specific  gravity.1 


Maximum  crush- 
ing strength. 


Kiln 
run  147 
or  148. 


Per  cent. 
11.1 
10.8 
11.5 
10.5 


10.9 


28.0 
21.0 
20.0 
20.0 


13.9 
10.5 
12.4 
12.5 


22.0 


12.3 


Green. 


Per  cent. 
39.0 
37.2 
34.0 
37.5 


36.9 


34.6 
32.4 
37.8 
32.0 


34.2 


Kiln  Kiln 
run  147    Green,    run  147 
or  148.  or  148. 


0.430 
.410 
.415 
.394 


.412 


Green. 


0.408 

.384 
.3S9 
.364 


Pounds 

per 
square 

inch. 
6,515 
5,270 
6.230 
5.490 


Pounds 

per 
square 
tnch. 
3,138 
2,622 
2,845 
2.850 


.386 


5,876 


2,864 


.437 
.407 
.418 

.383 


.410  6,176 

.389  6,850 

.378  I  6,670 

.368  5,170 


3,038 
2,827 
2,693 
2,747 


6,217 


2,826 


1  Per  cent  moisture  based  on  oven-dry  weight. 

'  Specific  gravity  based  on  oven-dry  weight  and  volume  as  tested. 

Figures  better  suited  to  the  comparison  of  runs  147  and  148  are  givon  in  Table  9.  Im- 
provement ratios  derivod  from  them  are  given  in  Table  10  and  graphed  in  figure  10.  These 
data  differ  from  those  of  Tables  1  and  5  and  figuro  8  chiefly  in  that  run  147  included  no  material 
from  the  contral  portions  of  the  various  bolts,  so  that  in  making  Tables  9  and  10  and  figure  10 
tests  on  material  from  such  central  portions  dried  in  run  148  were  excluded  in  order  to  get  the 
best  possible  comparison  of  the  two  runs. 
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Fig.  10. — Improvement  ratios  for  comparing  kiln  runs  147  and  148,  Sitka  spruce. 


Table  10. — Improvement  ratios  according  to  bolts  (adjusted  to  11  per  cent  moisture). 


[Sitka  spruce:  Kiln  runs  147  and  148,  shipment  563.) 


Seasoning. 

Tree  and 
bolt. 

Mois- 
ture. 

Static  bending. 

Impact  bending,  50- 
pound  hammer. 

Compression  parallel  to 
grain. 

Modulus  ol 
rupture. 

Modulus  of 
elasticity. 

Work  to 
maximum 
load. 

Mois- 
ture. 

Height  of 
drop. 

Mois- 
ture. 

Maximum 
crushing 
strength. 

I. II. as 
tested. 

L  R. 
ad- 
justed. 

I.R.as 
tested. 

I.R. 
ad- 
justed. 

I.R  as 
tested. 

I.R. 
ad- 
justed. 

I.R.as 
tested. 

I.R. 
ad- 
justed. 

I.R.as 
tested. 

I.R. 
ad- 
justed. 

Kiln  run  147  (ship. 

i  la-b 

1  c-d 
2a-b 

2  c-d 
5  c-d 

la-b 
lc-d 
2a-b 
2  c-d 
5  c-d 

Per  ct. 

Per  ct. 

Per  ct. 

11.2 

10.5 
10.2 
9.9 

1.87 
1.65 
1.78 
1.85 

1.89 
1.62 
1.72 
1.76 

1.01 
.76 
.93 

1.28 

1.01 
.77 
.93 

1.24 

1.52 

1.49 

10.5 
10.0 
9.7 
10.4 

1.36 
1.46 
1.55 
1.25 

1.35 
1.42 
1.49 
1.24 

11.1 

10.8 
11.5 
10.5 

2.07 
2.01 
2.19 
1.93 

2.08 
1.99 
2.27 
1.8.8 

Average  

Kiln  run  148'  (ship. 

1.30 

1.27 

10.5 

1.79 

1.75 

.99 

.99 

1.41 

1.38  10.2 

1.41 

1.38 

11.0 

2.05 

2.05 

12.3 
9.8 
10.0 
11.5 

1.5ft 
1.90 
2.05 
1.57 

1.80 
1.79 
1.95 
1.60 

1.04 
1.28 
1.24 
.87 

1.05 
1.25 
1.22 
.87 

C> 
1.32 

(') 
1.11 

(') 
1.29 
(>) 
1.12 

11.2 
10.8 
10.3 
12.0 

1.03 
1.19 
1.20 
.80 

1.03 
1.19 
1.19 

.78 

13.9 
10.5 
12.4 
12.4 

2.03 
2.42 
2.48 
1.88 

2.55 
2.34 
2.80 
2.00 

10.9 

1.80 

1.78 

1.11 

1  09 

1.22 

1.21 

11.1 

1.06 

1.05 

12.3 

2.20 

2.44 

'  Data  not  used  since  corresponding  data  for  other  kiln  run  are  missing. 
'  Material  from  outer  portion  only— to  match  kiln  run  147. 
I.  K.=Improvement  ratio. 


Comparisons  of  runs  147  and  148  (see  fig.  10)  in  modulus  of  rupture,  modulus  of  elasticity, 
and  maximum  crushing  strength  aro  erratic  when  individual  holts  are  considered,  hut  148 
averages  better  than  147  in  each  of  these  properties.  In  work  to  maximum  load  and  height  of 
drop,  the  results  are  (contrary  to  those  for  small  groups  from  the  runs  previously  considered) 
consistent  and  quite  largely  in  favor  of  run  147.    This  leads  to  the  conclusion  that  run  148 
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damaged  the  material  in  work  to  maximum  load  and  hoight  of  drop  1  as  compared  to  similar 
material  tested  after  drying  in  run  147. 

That  the  results  of  run  147  are  in  all  probability  ontirely  satisfactory  is  concluded  from  com- 
parison with  the  groups  of  air-dried  material  (fig.  8)2. 

Runs  163,  171,  and  172. — Runs  171  and  172  compare  very  favorably  with  the  other  runs 
and  with  groups  of  air-dried  material,  except  in  height  of  drop,  where  they  seem  to  be  quite  low. 

Run  163  seems  to  fall  below  runs  171  and  172,  and,  in  fact,  bolow  a  number  of  tho 
groups  of  material  graphed  in  figure  8.  No  definite  conclusions  concerning  these  runs  can  be 
drawn  until  the  corresponding  air-dried  material  has  been  tested. 

GENERAL  COMPARISON  OF  RUNS. 

Table  11  affords  a  means  of  comparing  all  runs.  It  is  made  up  in  a  manner  similar  to 
Table  5,  except  that  it  gives  for  each  run  a  weighted  average  improvement  ratio  instead  of  a 
weighted  average  "  efficiency. "  "Efficiency"  figures  can  not,  of  course,  be  obtained  in  advance 
of  tests  on  corresponding  air-dried  material. 

Table  11  indicates  practically  the  same  thing  as  has  been  brought  out  previously  with 
respect  to  the  relative  merits  of  several  of  the  kiln  runs.  It  does  not,  however,  indicate  an 
appreciable  difference  between  runs  147  and  148.  It  indicates  that  163  is  the  poorest  of  all, 
and  rather  distinctly  inferior  to  air-dried  material.  Very  probably  the  apparently  very  poor 
results  on  run  163  arc  only  an  example  of  variability  explainable  through  the  fact  that  run  163 
was  on  different  material  from  the  other  runs.  Runs  163,  171,  and  172  were  made  on  material 
from  the  same  shipment,  but  171  and  172  involved  other  trees  than  163.  Figures  such  as  are 
given  in  Table  11  furnish  quite  accurate  comparisons  between  two  or  more  groups  of  material 
from  the  same  trees.  Comparisons  between  groups  of  material  from  different  trees  must, 
however,  be  modified  to  take  into  account  the  variations  which  are  likely  to  occur. 


Table  11. — Sitka  spruce — Average,  improvement  ratios  for  all  kiln  runs  and  several  groups  of  air-dried  material. 


Air-dry  ship- 
ment 325. 

Air-dry  match- 
ing kiln  runs 
88  and  89. 

Kiln  run  88. 

Kiln  run  89. 

Air-dry  match- 
ing kiln  runs 
91,  93,  and  94. 

Kiln  run  91. 

Kiln  run  93. 

F 

R 

FXR 

R 

FXR 

R 

FXR 

R 

FXR 

R 

FXR 

FXR 

FXR 

R 

FXR 

Modulus  of  rupturo . . . 
Modulus  of  elasticity. . 
Work   to  maximum 

load  

Drop  

Maximum  crushing 

2R  

2 
4 

3 
3 

2 

1.81 

1.30 

1.52 
1.18 

1.97 
7.78 
1.56 

3. 62 
5.20 

4.56 
3.54 

3.94 

1.80 
1.18 

1.43 
1.08 

2.37 
7.86 
1.57 

3.60 
4.72 

4.39 
3.24 

4.74 

1-88 
1.29 

1.45 
1.12 

2.22 
7.96 
1.59 

3.76 
5. 16 

4.35 
3-36 

4.44 
 ».. 

1.78 
1.21 

1.42 
1.05 

2. 24 
7.70 
1.54 

3.56 
4.84 

4.26 
3.15 

4.48 

1.90 
1.36 

1.42 
1.03 

2.37 
8.08 
1.82 

3.80 
5.44 

4.26 
3.09 

4.74 

1.88 
1.28 

1.74 
1.21 

2.25 
8.36 
1.67 

3.76 
5.12 

5.22 
3.63 

4.50 

1.85 
1.39 

1.24 
1.11 

2.61 
8.20 
1.64 

3.70 
5.56 

3.72 
3.33 

5.22 

S(FxU)  

20.86 
1.49 

20.59 
1.47 

21.07 
1.51 

20.29 
1.45 

21.13 
1.52 

22.23 
1.59 

21.53 
1.54 

2  (F  X  R)  +  2  F  - 
Weighted  average  R . 

Ave.  It  (kiln  dry 

1.02 

.986 

1.046 

1.013 

Ave.  R  (air  dry) 

Kiln  run  94. 

Kiln  run  147. 

Kiln  run  148. 

Kiln  run  163 

Kiln  run  171. 

Kiln  run  172. 

F 

2 
4 

3 
3 
2 

R 

FXR 

R 

FXR 

R 

FXR 

R 

FXR 

R 

FXR 

R 

FXR 

1.94 
1.36 
1.35 
1.27 
2.38 
8.30 
1.66 

3.88 
5. 44 
4.05 
3.81 
4.76 

1.78 
1.07 
1.53 
1.36 
2.10 
7.84 
1.57 

3.56 
4.28 
4.59 
4.08 
4.20 

1.78 
1.14 
1.45 
1.03 
2.42 
7.82 
1.56 

3.56 
4.56 
4.35 
3.09 
4.84 

1.82 
1.16 
1.29 
.97 
1.89 
7.13 
1.43 

3.64 
4.64 
3. 87 
2.91 
3.78 

1.93 
1.30 
1.49 
.93 
2.27 
8.02 
1.60 

3.86 
5.20 
4.47 
2.79 
4.54 

2.01 
1.31 
1.41 
.90 
2. 47 
8.10 
1.62 

4.02 
5.24 
4.23 
2.70 
4.82 

srFxR}  

21.94 
1.57 

20.71 

20.40 
1.46 

18.84 
1.35 

20.86 
1.49 

21.01 
1.50 

2(FXR)-i-ZF=  Weighted  averago  1 

1.48 

Ave.  u  (kiln  dry) 

1.035 

Ave.  R  (air  dry) 

R=  Improvement  ratio  adjusted  to  11  per  cent  moisture. 
F=  Weighting  factor. 


I  This  falling  down  in  these  properties,  while  excellent  results  were  secured  in  modulus  of  rupture  and  maximum  crushing  strength,  is  in 
accordance  with  results  previously  obtained  from  tests  on  tho  effect  of  other  treatments  and  of  incipient  decay.  It  has  beon  found  in  such  tests 
that  quite  severe  damage  to  shock  resisting  ability  (as  indicated  by  work  and  drop  values)  may  occur  without  any  detectable  effect  on  static  strength 
as  indicated  by  modulus  of  rupture  and  maximum  crushing  strength. 

»  It  is  notable  that  run  148  might  be  looked  upon  as  fairly  satisfactory  were  it  compared  to  the  data  of  figure  8,  exclusive  of  run  147. 
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PHOTOGRAPHS  OF  FAILURES. 

Plates  I  to  IX,  inclusive,  show  failures  of  impact-bending  sticks  from  various  kiln  runs 
and  from  some  air-dried  material.  Plates  I,  II,  and  III,  pertaining  to  run  148,  are  of  particular 
interest.  The  possible  value  and  interest  of  such  photographs  was  not  suggested  until  the 
time  of  the  testing  of  these  sticks.  It  is  unfortunate  that  similar  photographs  from  earlier  runs, 
particularly  147,  are  not  available. 

Of  the  failures  shown  in  Plate  I  more  than  one-third  would  be  judged  to  be  of  the  highest 
type  and  in  no  way  indicative  of  the  brashness  shown  by  the  data  of  Tables  9  and  10  and  fig- 
ure 10.  In  Plate  II  but  one  or  two  of  the  failures  are  at  all  indicative  of  brashness,  and  it  is 
difficult  to  believe  that  this  material  has  been  injured.  That  such  is  the  case,  however,  seems 
to  be  very  definitely  shown  by  the  test  results.  All  but  one,  or  possibly  two,  of  the  failures 
shown  in  Plate  III  are  indicative  of  very  poor  material. 

Plates  IV  to  VII  show  failures  of  sticks  from  runs  171  and  172,  and  of  corresponding  green 
sticks.  Failures  of  air-dried  sticks  corresponding  to  kiln  runs  88  and  89  are  shown  in  Plate  VIII, 
and  to  runs  91,  93,  and  94  in  Plate  IX.  Comparison  of  these  various  photographs  fails  to  in- 
dicate any  difference  between  the  air-dried  and  kiln-dried  material  with  respect  to  types  of 
failure. 

Plates  I,  II,  and  III  as  brought  out  by  the  comment  on  them  and  comparison  with  the 
strength  data  show  that  reliable  conclusions  as  to  the  effect  of  kiln  drying  can  not  be  attained 
by  inspection  of  failures. 

RfiSUMfi  FOR  SITKA  SPRUCE. 

Because  of  the  importance  of  Sitka  spruce  as  an  airplane  material,  and  in  order  to  set  forth 
the  methods  of  analysis  used  and  to  illustrate  the  difficulties  met  and  the  caution  necessary  in 
making  such  an  analysis,  the  data  on  Sitka  spruce  have  been  discussed  in  greater  detail  than  is 
considered  necessary  for  the  other  species. 

Data  concerning  10  kiln  runs  are  presented.  These  10  runs  include  5  runs,  material 
from  which  is  compared  to  matched  material  tested  after  ail  drying,  and  5  for  which  data  on 
matched  air-dried  material  are  not  available. 

It  is  shown  conclusively  tlxat  Sitka  spruce  can  be  Jciln  dried  vnthout  loss  of  strength  as  compared 
to  air  drying. 

In  connection  with  this  and  other  conclusions  stated  in  this  report  it  is  desired  to  call  atten- 
tion to  the  fact  that  the  material  which  was  kdn  dried  is  compared  to  material  air  dried  under 
conditions  probably  much  more  favorable  to  good  results  than  is  ordinarily  the  case.  This 
material  was  also  air  dried  in  small  sticks  (2  J  by  2£  inches  in  cross-section).  This  procedure 
is  undoubtedly  more  favorable  to  the  retention  of  maximum  strength  than  is  air  drying  in  wider 
planks,  as  is  ordinarily  done.  In  fact,  casehardening  of  sticks  of  this  size  was  purposely 
attempted  in  one  kiln  run  (not  discussed  herein)  but  without  success. 

Data  on  the  first  five  runs  fail  to  disclose  any  consistent  relation  between  the  temperatures 
used  in  drying  and  the  strength  of  the  resulting  material,  and  taken  by  themselves  would  lead 
to  the  conclusion  that  temperatures  up  to  180°  F.  can  be  safely  used.  There  is,  however,  quite 
conclusive  evidence  of  damage  to  material  dried  in  one  of  the  other  runs  made  with  temper- 
atures between  160°  and  180°  F.  Taken  as  a  whole,  therefore,  the  data  presented  do  not  justify 
the  use  of  temperatures  as  high  as  1 60°  F.  Definite  evidence  as  to  what  is  the  critical  temper- 
ature which  should  never  be  exceeded  is  not  afforded. 

It  is  believed,  however,  that  the  data  presented  justify  the  conclusion  tliat  the  temperatures  of 
specification  20500-A  {120°  F.  initial  to  145°  F.  final)  are  entirely  safe. 

There  is  no  evidence  of  the  extreme  brashness  which  has  been  claimed  to  result  from  kiln 
drying. 

RECOMMENDATIONS. 

Because  of  the  possibility  of  damage  from  higher  temperature  and  the  fact  that  as  the 
scheduled  temperature  is  increased  the  danger  of  damage  through  accidental  departure  from 
schedule  increases,  it  is  recommended  that  the  temperatures  of  Table  1  of  Specification  20500-A 
(see  Appendix  A  of  Report  No.  65,  "Kiln  Drying  of  Wood  for  Airplanes")  be  not  exceeded 
in  the  drying  of  Sitka  spruce  for  airplane  stock. 


PLATE  III.— FAILURES  OF  IMPACT-BENDING  SPECIMENS,  SITKA  SPRUCE,  KILN  RUN  148. 

506-3 


PLATE  IV. — FAILURES  OF  IMPACT-BENDING  SPECIMENS,  SITKA  SPRUCE.  GREEN,  MATCHING  KILN   RUN  171. 
506-1 


PLATE  V.— FAILURES  OF  IMPACT-BENDING  SPECIMENS,  SITKA  SPRUCE,  KILN  RUN  171. 
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PLATE  VI.— FAILURES  OF  IMPACT-BENDING  SPECIMENS,  SITKA  SPRUCE,  GREEN,  MATCHING  KILN  RUN  172. 
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PLATE  VII.— FAILURES  OF  I  M  PACT- BEND  I  NG  SPECIMENS,  SITKA  SPRUCE,  KILN  RUN  172. 
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PLATE  VIII.— FAILURES  OF  IMPACT-BENDING  SPECIMENS.  SITKA  SPRUCE,  AIR-DRIED.  MATCHING  KILN  RUNS 

88  AND  89. 
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PLATE  IX.— FAILURES  OF  IMPACT-BENDING  SPECIMENS,  SITKA  SPRUCE,  AIR-DRIED,  MATCHING  KILN  RUNS 

91,  93,  AND  94. 

153215— S.  Doe.  160,  66--.?  35  ^ 
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DOUGLAS  FIR. 
SOURCE  OF  MATERIAL. 

The  material  for  the  four  experimental  runs  on  Douglas  fir  was  derived  from  10  trees 
which  were  grown  along  the  lower  Columbia  River,  in  Clatsop  County,  Oregon,  at  an  elevation 
of  about  1 ,500  feet.  Each  tree  was  represented  by  two  S-foot  logs,  an  upper  bolt  (h-i,  i-j,  or 
m-n)  and  a  lower  bolt  (a-b),  making  in  all  twenty  8-foot  bolts.  The  logs  varied  in  size  from 
31  inches  to  39  inches  in  diameter  and  were  from  300  to  350  years  old.  This  material  con- 
stituted shipment  523. 

The  logs  were  sawed  into  2-inch  and  3-inch  planks  of  various  widths.  Specimens  for  test 
in  the  green  and  air-dried  conditions  were  obtained  from  two  flitches  extending  from  side  to 
side  and  nearly  through  the  center  of  each  8-foot  log.  (See  fig.  1  (B).)  The  sticks  from  each 
8-foot  bolt  were  grouped  as  outlined  on  page  15. 

The  remaining  material  was  divided  among  the  four  kiln  runs.  Figure  1  (B)  is  an  example 
showing  how  planks  for  test  after  kiln  drying  were  selected.  Figure  1  (D)  shows  how  these 
planks  were  divided  into  test  specimens  and  how  the  latter  were  marked.  Table  12  is  a 
schedule  showing  the  distribution  of  material  from  these  10  tiees  among  the  four  kiln  runs. 
Previously  tested  green  and  air-dried  material,  with  which  comparisons  are  made,  was  secured 
from  two  trees  from  shipment  315,  two  from  shipment  318,  and  one  from  shipment  354. 
These  shipments  were  from  Lewis  County,  Wash.,  Lane  County.,  Oreg.,  and  Humboldt  County, 
Calif.,  respectively. 

Table  1 2. — Douglas  fir.    Shipment  52S.    List  of  trees  and  bolts  to  sliow  which  bolts  were  represented  in  the  various  kiln  runs. 


Tree  and  bolt. 

KUn  run  99. 

Kiln  run  101. 

Kiln  run  102. 

Kiln  run  103. 

1  a-b  

* 

• 

1H  

<*"- 

* 

2  a-b  

* 

* 

2k-l  

« 

* 

3  a-b  

* 

* 

* 

* 

4  a-b,  

*  i 

* 

4  h-i  

* 

* 

6  a-b  

* 

• 

5h-l  

* 

* 

6  a-b  

* 

«H  

* 

* 

7  a-b  

* 

* 

7H  

* 

» 

8  a-b  

* 

• 

8h-l....  

* 

* 

9  a-b  

* 

• 

9k-l  

* 

* 

10  a-b  

* 

* 

10h-l  

* 

* 

*  Indicates  that  material  from  the  bolt  listed  at  the  left  was  included  in  the  kiln  run  whoso  number  appears  at  the  top  of  the  column. 

DESCRIPTION  OF  KILN-DRYING  CONDITIONS. 

Figure  11  is  a  graphical  representation  of  the  kiln  conditions  and  of  the  moisture  contents 
of  samples  of  the  stock  for  the  four  runs  99,  101,  102,  and  103. 

In  every  case  material  went  into  the  kiln  soon  after  cutting  from  the  log  and  before  any 
appreciable  drying  had  occurred. 

KUn  run  99. — The  charge  for  run  99  consisted  of  two  hundred  twenty-nine  2  by  3  inch,  4 
by  5  inch,  and  3  hy  4  inch  pieces.  Arrangement  of  the  kiln  was  practically  the  same  as  shown 
in  figure  7  (kiln  run  147),  except  that  the  stock  was  flat-piled  with  2  to  3  inches  between  the 
pieces  in  each  layer.    Two-inch  stickers  were  used. 

After  a  preliminary  steaming  at  130°  F.  for  four  hours,  drying  was  started  at  120°  F.  and 
about  90  per  cent  relative  humidity.  Temperature  and  humidity  were  gradually  changed,  as 
shown  by  the  curves,  to  about  125°  F.  and  55  per  cent  humidity  at  the  end  of  the  run. 


508 


.\x\r.u.  i;i:i'(h:t  natkixal  advisory  com  mittkk  voi:  akcoxautics. 


Caschm-dening,  though  not  apparent  at  tho  close  of  the  run,  was  discovered  after  removal 
of  the  material  from  the  kiln.  It  was  accordingly  reloaded,  steamed  for  two  and  one-half 
hours  at  150°  F.  for  the  removal  of  casehardening,  and  then  redricd. 

Inspection  showed  that  less  than  1  per  cent  degrade  occurred  in  this  run. 

Kiln  run  101. — Run  101  was  made  in  a  curtain  kiln  the  arrangement  of  which  is  shown 
in  figure  12. 

The  charge  consisted  of  2-inch  and  3-inch  material  of  various  widths  and  derived  from 
the  same  holts  as  that  for  run  99. 

After  a  preliminary  steaming  at  120°  F.  drying  was  begun  at  105°  F.  and  80  per  cent 
relative  humidity,    These  conditions  were  gradually  changed,  as  shown  by  figure  20.  to  120° 
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FlO.  1 1.— Kiln  conditions  for  Douglas  fir,  kiln  runs  99,  101,  102,  and  103  (shipment  523). 

F.  and  40  per  cent  relative  humidity  at  the  end  of  the  run.  Steaming  at  133°  F.  was  used 
on  the  sixteenth  day  to  remove  casehardening. 

Less  than  1  per  cent  degrade  occurred,  as  shown  by  inspection  before  and  after  kiln  drying. 

Kiln  run  102. — The  arrangement  of  the  kiln  for  run  102  was  practically  as  shown  in  figure 
5  (run  89).  The  stock  consisted  of  2-inch  and  3-inch  planks  of  various  widths.  After  pre- 
liminary steaming  at  about  165°  F.  the  temperature  was  raised  to  about  180°  F.,  where  it  was 
kept  for  the  remainder  of  the  run.  The  initial  humidity  (after  steaming)  was  80  per  cent. 
Steaming  at  180°  F.  was  used  once  to  remove  casehardening. 

Kiln  run  103. — Figure  13  shows  the  kiln  arrangement  for  run  103.  The  stock  was  2-inch 
and  3-inch  plunks  of  various  widths.  After  preliminary  steaming  at  138°  F.  drying  was  begun 
with  a  temperature  of  117°  F.  and  relative  humidity  of  85  per  cent.  These  conditions  were 
gradually  changed  to  142°  F.  and  about  37  per  cent  relative  humidity  at  the  close  of  the  run. 
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Fig.  12.— Cross  section  of  kiln  and  piling  diagram,  Douglas  fir  kilnlnmlini. 
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Fig.  13.— Cross  section  kiln  and  piling  diagram,  Douglas  fir  kiln  run  103. 
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THK  AIR  DRYING. 

Test  specimens  2\  by  2\  inches  by  4  feet,  matching  the  various  kiln  runs,  were  air  dried 
for  about  eight  months,  from  February,  1918,  to  October,  1918,  under  practically  the  same 
conditions  as  similar  Sitka  spruce  specimens  (sec  p.  25),  when  they  were  found  to  have  reached 
practically  constant  weight.  The  average  moisture  content  at  time  of  storing  was  about  31 
per  cent.  The  moisture  contents  of  the  samples  at  the  end  of  the  air-drying  periods  were 
about  12  per  cent. 

STRENGTH  DATA. 

Table  13  gives  the  average  mechanical  properties  of  the  green  and  air-dried  Douglas  fir 
previously  tested  (shipments  315,  318,  and  354);  and  also — by  butt  and  upper  bolt  classes — 
of  material  from  kiln  runs  99  and  101,  and  from  runs  102  and  103,  with  green  and  air-dry  to 
match  each  pair  of  kiln  runs'. 

Table  13. — Average  mechanical  properties  of  Douglas  fir.    (Tabulations  of  test  remits  without  moisture  adjustment.) 


Property. 


STATIC  BENDING. 


Moisture  (per  cent)1  

Specific  gravity 1  

Fiber  stress  at  elastic  limit  (lbs.  per  sq. 

in.)  

Modulus  of  rupture  (lbs.  per  sq.  in.)  

Modulus  of  elasticity  (1,000  lbs.  per  sq. 

in.)  

Work  to  elastic  limit  (inch-lbs.  per  cu. 

in.)  

Work  to  maximum  load  (inch-lbs.  per 

cu.  in.)  


IMPACT  BENDING:  50-POINP  UAMMEIt. 


Moisturo  (per  cent)'  

Specific  gravity  ».  

Fiber  stress  at  elastic  limit  (lbs.  per  sq. 

in.)  

Modulus  of  elasticity  (1,000  lbs.  per  sq. 

n.). 


Work  to  elastic  limit  (inch-lbs.  per  cu. 

in.)....  

Drop  causing  complete  failure  (inches) . . 

COMPRESSION  PARALLEL  TO  GRAIN. 


Moisture  (per  cent)  >  

Specific  gravity*.  , 

Maximum  crushing  strength  (lbs.  per 
sq.  in.)  


Various  ship- 
ments. 


Ship. 
315 
315 
318 
318 
354 


Tree. 
1 

6 
6 
8 
3 


Green.     Air  dry. 


39.8 
.407 

7,825  ] 
5, 100 


6.  4 
.520 


11,437 
13,242 


1,684  2,184 


0.6 


41.4 

.163 

10, 103 

1,817 

3.2 
23.9 


37.9 
.459 

4,000 


6.4 
.528 


15,005 
2,371 


0.1 
34.9 


6.4 
.504 

11,233 


Shipment  523. 


Lower  bolts. 


Green, 

to 
match 
kiln 
runs 
99 
and 
101. 


36.9 
.405 

4,810 
7,800 

1,550 

.87 

8.2 


33.5 
.490 

10,110 

1,788 

3.2 
24 


33.5 
455 

3,850 


Air  drv, 

to 
match 
kiln 
runs 
99 
and 
101. 


Kiln 
run 


12.0 
.494 

8,540 
12,510 


2.21 
9.5 


12.1 
.499 


13,730 
2,100 


5.0 
28.2 


12.3 
.491 

7,510 


11.(1 

.500 

9,720 
13,300 

1,922 

2.73 

10.4 


10.  S 
.498 


12,387 

2, 158 

3.9 
27.4 


10.9 
.497 

7,921 


Kiln 
run 
101. 


11.5 
.618 

9,491 
3,6091 

2,039 

2.53 

9.9 


11.5 
.517 

13,930 

2,503 

4.4 
29.0 


11.7 
.514 

8,250 


Green, 
to 

match 
kiln 
runs 
102 
and 
103. 


33.7 
.453 

4,910 
7,980 

1,535 

.91 

8.2 


33.1 
.455 

9,120 

1, 547 

■3.0 
22.0 


32.5 
.451 

3,850 


Air  dry, 

to 
match 
kiln 
runs 
102 
and 
103. 


Kiln 
run 
102. 


12.2 
.484 

8,280 
12,270 

1,791 

2.16 

9.1 


12.2 
.480 

13, 350 

1,987 

5.0 
28.1 


11.9 

.482 

7,320 


13.3 
.501 

8,072 
11,105 

1,842 

2.0 

7.7 


12.3 
.499 

13, 122 

2,327 

4.2 
25.0 


10.9 
.498 

7,220 


Kiln 
run 
103. 


9.1 
.487 

10, 450 
13,550 

1,704 

3.79 

9.0 


9.0 
.489 

13,050 

2,250 

4.1 
30.4 


.483 
8,640 


1  Per  cent  moisture  based  on  oven-dry  weight. 


'  Specific  gravity  based  on  oven-dry  weight  and  volume  as  tested. 
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Table  13. — Average  mechanical  properties  of  Douglas  fir — Continued. 
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Property. 


STATIC  BENDING. 

Moisture  (per  cent) 1  

Specific  gravity  •  

Fiber  stress  at  elastic  limit  (lbs.  per  sq.  in.)  

Modulus  of  rupture  (lbs.  per  sq.  in.)  

Modulus  of  elasticity  (1,000  lbs.  persq.  in.)  

Work  to  elastic  limit  (inch-lbs.  per  cu.  in.)  

Work  to  maximum  load  (inch-lbs.  per  cu.  in.)  

impact  bending:  50-poind  hammer. 

Moisture  (per  ccnt)i  

Specific  gravity*  

Fiber  stress  at  clastic  limit  (lbs.  per  sq.  in.)  

Modulus  of  elasticity  (1,000  lbs.  persq.  in.)  

Work  to  clastic  limit  (inch-lbs.  per  cu.  in.)  

Drop  causing  complete  failure  (inches)  

compression  parallel  to  grain  . 

Moisture  (per  cent) 1  

Specific  gravity'  

Maximum  crushing  strength  (lbs.  per  sq.  in.)  


Shipment  523. 


Upper  bolts. 


Orccn, 

to 
match 
kiln 
runs 
99 
and 
101. 


30.3 
.411 
4,320 
7,070 
1,121 
.70 


31.1 
.407 
9,560 
1,713 
3.0 
20.0 


29.9 
.409 

3,ii:in 


Air  drv, 

to 
match 
kiln 
runs 
99 
and 
101. 


12.3 
.452 

7,  ,590 
11,380 

1,738 
1.87 
8.6 


12.0 
.435 
11,880 
1,790 
4.4 
22.7 


12.1 
.440 

r.,810 


Kiln 
run 


10.4 
.433 
8,811 
11,503 
1,097 
2.59 
8.6 


10.4 
.429 
11,814 
2,012 
3.9 
23.9 


9.8 
.432 
7,358 


Kiln 
run 
101. 


10.9 
.436 
8,917 
11,800 
1,708 
2.65 
8.2 


10.5 
.435 
12, 520 
2,135 
4.2 
21.0 


11.0 
.432 
7,496 


Green, 

to 
match 
kiln 
runs 
102 
and 
103. 


29.4 
.435 
4,880 
7,560 
1,522 
.91 
6.8 


30.1 
.432 
8,850 
1.509 
2.9 
19.0 


30.9 
.132 
3,900 


Air  dry, 

to 
match 
kiln 
runs 
102 
and 
103. 


11.7 
.474 
7,930 
11,820 
1,761 
2.03 
8.6 


11.9 
.481 
13,260 
1,986 
5.0 
26.2 


11.9 
.475 
7,230 


Kiln 
run 
102. 


12.4 
.476 
7,544 
10,520 
1,705 
1.84 
7.5 


11.2 
.479 
12,970 
2,243 
4.2 
23.0 


.472 
7,410 


Kiln 
run 
103. 


9.3 
.480 
9,540 
12,562 
1.631 
3.27 
7.9 


9.1 
.483 
12,730 
2,282 
4.0 
28.1 


8.8 
.481 
8, 740 


1  Pet  cent  moisture  based  on  oven-dry  weight. 


1  Specific  gravity  based  on  oven-dry  weight  and  volume  as  tested. 


•  Table  14  presents  the  average  improvement  ratios  for  the  more  important  properties  of 
the  various  groups  of  air-dried  and  kiln-dried  material.  These  ratios  are  derived  from  Table  13 
and  are  given  both  with  and  without  adjustment  to  a  uniform  moisture  content  (11  per  cent). 


Table  14. — Average  improvement  ratios  of  Dow/las  fir  (with  and  without  adjustment  to  11  per  cent  moisture). 

[Shipment  523.] 


Seasoning. 

Hull.. 

Static  bending. 

Impact  bending. 

Compression  parallel 
to  grain. 

Mois- 
ture. 

Modulus  of 
rupture. 

Modulus  of 
elasticity. 

Work  to 
maximum  load. 

Mois- 
ture. 

Height  of 
maximum  drop. 

Mois- 
ture. 

Maximum 
crushing 
strength. 

I.  R. 

as 
tested. 

I.  R. 
ad- 
justed. 

I.  R. 

as 
tested. 

I.  R. 
ad- 
justed. 

I.  R. 

as 
tested. 

I.  R. 
ad- 
justed. 

I.  R. 

as 
tested. 

I.  R. 
ad- 
justed. 

I.  R. 

as 
tested. 

I.  E. 
ad- 
justed. 

Air  dry  to  match  kiln  runs 

r.ct. 

p.m. 

P.ct. 

99  and  101  

a-b.... 

12.0 

1.59 

1.66 

1.20 

1.22 

1.16 

1.17 

12.1 

1.18 

1.20 

12.3 

1.96 

2.13 

Kiln  run  99  

a-b.... 

11.0 

1.70 

1.70 

1.24 

1.24 

1.27 

1.27 

10.8 

1.14 

1.14 

10.9 

2.06 

2.05 

a-b.... 

11.5 

1.74 

1.79 

1.32 

1.33 

1.21 

1.22 

11.5 

1.21 

1.22 

11.7 

2.14 

2.25 

Air  dry  to  match  kiln  runs 

a-b.... 

12.2 

1.54 

1.61 

1.17 

1.19 

1.11 

1.12 

12.2 

1.28 

1.31 

11.9 

1.90 

2.00 

a-b.... 

13.3 

1.39 

1.51 

1.20 

1.25 

.94 

.93 

12.3 

1.14 

1.15 

10.9 

1.88 

1.87 

Kiln  run  103  

a-b.... 

9.1 

1.70 

1.68 

1.11 

1.09 

1.10 

1.09 

9.6 

1.38 

1.34 

8.8 

2.24 

1.98 

Upper. 

6.4 

1.95 

1.62 

1.30 

1.21 

1.38 

1.26 

6.4 

1.46 

1.32 

6.4 

2.77 

2.08 

Air  dry  to  match  kiln  runs 

,do... 

12.3 

1.61 

1.71 

1.22 

1.25 

1.30 

1.35 

12.0 

1.14 

1.16 

12.1 

1.88 

2.00 

Kiln  run  99  

...do... 

10.4 

1.64 

1.60 

1.19 

1.18 

1.30 

1.29 

10.4 

1.20 

1.19 

9.8 

2.03 

1.90 

Kiln  run  101  

...do... 

10.9 

1.68 

1.67 

1.25 

1.24 

1.24 

1.24 

10.5 

1.20 

1.19 

11.0 

2.06 

2.08 

Air  dry  to  match  kiln  runs 

101  and  102  

...do... 

11.7 

1.56 

1.61 

1.16 

1.17 

1.27 

1.28 

11.9 

1.38 

1.42 

11.9 

1.85 

1-.95 

Kiln  run  102  

...do... 

12.4 

139 

1.45 

1.16 

1.18 

1.10 

1.12 

11.2 

1.21 

1.21 

9.9 

1.91 

1.81 

Kiln  run  103  

...do... 

9.3 

1.66 

1.56 

1.07 

1.06 

1.16 

1.14 

9.1 

1.48 

1.40 

8.8 

2.24 

1.98 

■  Avei 
I.  R.= 


igo  of  5  trees  of  previously  tested  air-dried  material,  contained  in  the  (e-d),  (d-e),  and  (e-f)  bolts,  shipments  315, 318,  and  354. 
improvement  ratio. 


The  improvement  ratios  from  Table  13  are  graphed  in  figure  14. 
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Fio.  14.— Improvement  ratios  for  comparison  oi  kiin^Iriod  and  air^Iried  stock,  Douglas  fir. 

Table  15,  similar  to  Tables  6,  7,  and  8  for  Sitka  spruce,  give  efficiencies  for  upper  and  lower 
bolts,  respectively. 

Table  15. — Efficiencies  for  kiln  runs  on  Dowjhis  fir. 
(A)-UPPER  BOLTS. 


Property. 

F. 

Kiln  run  99. 

Klin  run  101. 

Kiln  run  102. 

Kiln  run  lfB. 

E. 

EXF. 

E. 

ExF. 

E. 

EXF. 

E. 

ExF. 

2 
4 

3 
3 
2 

Per  cent. 
93.6 
93. 6 
88.9 
103.6 
95.0 

187.2 
374.4 
266.7 
310.8 
190.0 
1,329.1 
94.9 

Percent. 
97.4 
99.2 
91.8 
in3.fi 
103.0 

194.8 
396.8 
275.4 
310.S 
206.0 
1,383.8 
98.8 

Per  cent. 
89.4 
100.9 
89.0 
86.6 
93.4 

178.8 
403. 6 
267.0 
259.8 
186.8 
1,296.0 

Prr  cent. 
97.0 
90.6 
90.0 
98.5 
97.9 

194.0 
362.4 
271.8 
295. 5 
195.8 
1,319.5 
94.2 

Compro 
KKXF 
2(EXF 

92.6 

(B)— LOWER  BOLTS. 


Modulus  of  rupture  

Modulus  of  elasticity  

Work  to  maximum  load  

Drop  

Compression  

Z(EXF)  -• 

S(EXF)-h2:F=  Weighted  average  B. 


Average  of  upper  and  lower  bolts. 


102.4 
101.7 
108.7 
93.3 
96.3 


204.8 
406.8 
326.1 
279.9 
192.6 
1,410.2 
100.7 


97.8 


107.2 
109.0 
105.2 
101.7 
106.2 


214.4 
436. 0 
315.6 
305  1 
212.4 
1,483.5 
106.0 


102.4 


93.7 
104.2 
83.0 
87.8 
93.5 


187.4 
416.8 
249.0 
263.4 
187.0 
1,303.6 
93- 1 


92.8 


91.5 
97.3 
97.0 
99.0 


197.2 
306.0 
291.9 
291.0 
198.0 
1,344.1 
BO.O 


95.1 


F=  Weighting  factor 
E-Efticicncy- 


Improvement  ratio  for  property  of  kiln  dry 
Improvement  ratio  for  same  property  of  corresponding  air  dry 
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DISCUSSION. 

Inspection  of  figure  14  indicates  that  of  the  four  kiln  runs,  101  alone  has  given  results 
which  can  he  considered  fully  equal  to  air  drying.  This  run  falls  below  the  corresponding 
air-dried  material  in  three  instances:  Modulus  of  rupture,  modulus  of  elasticity,  and  work  to 
maximum  load,  all  for  material  from  upper  bolts.  The  deficiencies  in  these  instances  are  so 
small  that  they  are  entirely  offset  by  superior  excellence  in  other  respects. 

Further  inspection  shows  that  run  1 02  is  very  consistently,  modulus  of  elasticity  being  the 
only  exception,  inferior  to  the  corresponding  air-dry,  and  is,  upon  the  whole,  the  poorest  of 
the  four  runs.  These  conclusions  are  supported  by  the  figures  presented  in  Table  15.  Air 
drying  is  taken  as  the  standard  of  efficiency,  or  100  per  cent.  The  efficiencies  of  air  drying 
and  of  the  several  kiln  runs,  the  latter  as  obtained  by  averaging  the  figures  of  Table  15  (A) 
with  those  of  Table  15  (B),  are  as  follows: 

Por  cent. 


Air  drying   100.0 

Kiln  run  101   102.4 

Kiln  run  99   97.8 

Kiln  run  103    95. 1 

Kiln  run  102   92.  7 


Beference  to  figure  1 1  shows  that  the  above  list  is  in  order  of  increasing  temperatures;  i.  e., 
as  temperature  increases,  efficiency  decreases. 

If  the  values  for  efficiency  with  respect  to  work  to  maximum  load  and  maximum  drop 
only,  as  given  in  Table  15  (A)  and  (B),  be  averaged  (without  weighting)  we  get — 

I'or  cent. 


Air  drying   100.0 

Kiln  run  101   100.  6 

Kiln  run  99   98.6 

Kiln  run  103  V   95.8 

Kiln  run  102   86.6 


The  order  is  as  before,  and  the  deficiency  is  less  in  runs  99  and  103,  but  somewhat  greater 
in  run  102. 

These  figures  all  point  to  a  rather  definite  relation  between  strength  properties  and  the 
temperatures  used  in  drying.  In  no  case  is  the  deficiency  sufficient  to  be  considered  an  obstacle 
to  the  use  of  such  material  for  ordinary  purposes.  However,  any  failure  to  equal  air-dried 
material  must  bo  looked  upon  with  considerable  suspicion  when  stock  is  to  be  used  for  aircraft 
construction. 

Tests  of  the  effect  of  various  steps  of  preservative  treatment  on  Douglas  fir  have  shown 
that  this  species  is  especially  susceptible  to  injury  by  high  temperatures.  Data  on  such  tests, 
together  with  those  given  herein,  furnish  the  following  for  correlation  of  temperature  and 
strength :   


Tempera- 
ture.1 

Reference. 

Modulus  of  rupture.' 

Degree)  F. 
110 
120 
130 
180 
200 
259 

Kiln  run  101  

Kiln  run  103  

Kiln  run  102  

Bull.  No.  286  a  

Bull.  No.  286  <  

Per  cent. 
102.3 
98.0 
97.8 
90. 5 

'89.0    '93.5  '91.2 
•  78.3    «91.7  '85.0 

i  This  is  the  temperature  applied  to  green  wood. 
'  In  percentages  of  control  material. 

'  U.  S.  Department  of  Agriculture  Bull.  No.  280:  Strength  Tests  of  Structural  Timbers  Treated  by  Commercial  Wood  ('reserving  Processes. 
(Table  3— Creosoted  at  atmospheric  pressure  and  200  °F.  for  27  hours.) 
*  Bull.  No.  286:  Stoamed  at  20-pound  pressure  for  five  hours. 

■  Bull.  No.  286:  Results  from  specimons  treated  green  and  tested  soon  after  treatment. 
»  Bull.  No.  286:  Results  from  tests  made  after  thorough  air  drying  following  treatment. 
'  Results  of  5  and  6  averaged. 

These  data  are  plotted  in  figure  15.  While  the  tests  of  Bulletin  No.  286  are  probably 
not  exactly  comparable  to  those  described  herein,  they  furnish  basis  for  an  estimate  of  the 
effect  of  still  higher  temperatures  than  those  used  in  the  kiln  runs  herein  discussed. 
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The  data  on  the  four  kiln  runs  as  given  in  Table  15  (A)  and  (B)  and  as  presented  in  figure  15 
indicate  that  120°  F.  is  about  the  critical  temperature  for  Douglas  fir  in  the  green  state.  The 
data  drawn  from  Bulletin  No.  280  by  showing  a  continual  decrease  of  strength  properties  with 
increase  in  temperature  support  this  indication. 


CONCLUSIONS. 


In  view  of  the  points  brought  out  in  the  above  discussion  these  conclusions  are  reached: 
(1)  There  is  a  quite  definite  relation  between  the  strength  properties  of  Douglas  fir  and  the 
temperatures  used  in  drying  it.  (2)  About  120°  F.  is  the  critical  temperature  above  which 
damage  is  likely  to  result.  (3)  The  decrease  of  strength  properties  with  increase  in  temperature 
is  gradual.    (4)  The  maximum  damage  to  be  expected  from  the  use  of  Table  1  of  Specification 
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Fia.  15.— Relation  between  strength  properties  of  Douglas  fir  and  temperature  applied  to  the  green  wood. 

20500-A  does  not  exceed  5  per  cent.  In  all  probability  the  susceptibility  to  damage  by  heat 
decreases  as  the  moisture  content  decreases,  so  that  even  this  damage  is  not  really  to  be  expected. 
(5)  When  maximum  safety  is  desired,  as  for  aircraft  material,  it  seems  doubtful  if  the  temper- 
ature of  120°  F.  should  be  exceeded  before  the  material  is  reasonably  dry.  (6)  It  is  to  be 
expected  that  Table  2  of  Specification  20500-A  will  produce  material  fully  equal  to  that  air  dried. 

RECOMMENDATIONS. 

It  is  recommended  that  the  temperature  of  Table  2  of  Specification  20500-A  should  not  be 
exceeded  in  drying  Douglas  fir  for  maximum  strength  value.  Humidities  used  should  be  such 
as  to  keep  checking  and  casehardening  to  a  minimum.  Steaming  as  permitted  by  Specification 
20500-A  would  be  expected  to  have  no  harmful  effect. 
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WESTERN  WHITE  PINE. 

SOURCE  OF  MATERIAL. 

Four  experimental  kiln  runs  have  been  made  on  material  from  two  shipments  of  logs. 
Shipment  488,  which  furnished  stock  for  kiln  runs  95  and  110,  consisted  of  logs  from  24  trees 
cut  in  Idaho.  These  logs  were  10  to  20  inches  in  diameter  and  too  knotty  to  be  considered  of 
airplane  grade.  Test  specimens  were,  however,  so  selected  as  to  be  unaffected  by  the  defects 
and  were  representative  of  the  clear  wood. 

Shipment  570  furnished  stock  for  kiln  runs  149  and  150.  Tins  shipment  consisted  of 
seventeen  16-foot  butt  logs  sent  to  the  Laboratory  from  Keelor,  Idaho.  These  were  of  better 
quality  than  the  previous  shipment  and  were  18  to  36  inches  in  diameter. 

Data  on  these  two  shipments  arc  compared  with  data  from  green  and  air-dried  material 
from  one  log  of  shipment  224.  This  shipment  came  from  Missoula  County,  Mont.,  and  was 
tested  prior  to  the  beginning  of  the  present  series  of  tests. 

CUTTING  OF  STOCK. 

The  logs  of  shipment  488  were  cut  into  8-foot  bolts,  which  were  subdivided  similarly 
to  the  logs  of  commercial  white  ash.  (See  fig.  10.)  The  resulting  planks  were  cut  into  2  by 
3  inch,  2  by  4  inch,  2  by  5  inch,  and  3  by  4  inch  stock. 

Tabic  16  shows  how  the  material  was  divided  for  drying  in  two  kiln  runs. 

The  16-foot  logs  of  shipment  570  were  sawed  in  a  manner  similar  to  that  shown  for  Douglas 
fir  in  figure  1  (B).  Material  for  test  green  and  after  air  drying  was  derived  from  a  2i-inch 
flitch  extending  through  the  center  of  each  log.  Half  of  the  remaining  material  from  each  log 
was  dried  in  the  form  of  2|-ineh  planks,  of  various  widths  and  16  feet  long. 

DESCRIPTION  OF  KILN  DRYING  CONDITIONS. 

Figure  16  shows  graphically  the  kiln  conditions  and  the  moisture  contents  of  samples  of 
stock  for  the  four  runs  95,  110,  149,  and  150. 

Run  95. — The  charge  consisted  of  2  by  3  inch,  2  by  4  inch,  2  by  5  inch,  and  3  by  4  inch 
pieces  derived  from  shipment  4S8.  (Sec  Table  16.)  The  arrangement  of  the  kiln  was  much 
as  for  run  147  of  Sitka  spruce  (see  fig.  7),  except  that  the  material  was  flat  piled.  The  piling 
was  open  (2-inch  stickers  and  2i  to  3  inches  between  the  pieces  in  the  layers),  with  the  2-inch 
stock  on  top  of  the  3-inch. 

Table  1G. —  Western  while  pine — Shipment  488 — List  of  trees  and  bolts  to  show  which  belts  were  rejyresented  in  each  kiln  run. 


Tree  and 
bolt. 

Kiln  run 
95. 

Kiln  run 
110. 

Tree  and 
bolt. 

Kiln  run 
95. 

Kiln  run 
110. 

Ia-b.... 

• 

13  a-b  

2a-b.... 

* 

14  a-b  

* 

* 

14c-d 

• 

3a-b.... 

* 

15  a-b  

* 

4a-b.... 

* 

16  a-b  

* 

* 

16o-d  

* 

* 

17  a-b  

* 

a  a-b. . . . 

* 

18  a-b  

* 

• 

18c-d  

\  * 

7a-b  ... 

* 

19  a-b  

• 

8a-b.... 
8c-d.... 

• 

20  a-b 

* 

20c-d  

* 

* 

21  a-b  

* 

10  a-b.... 
10  e-d 

* 

22a-b  .... 

* 

* 

22n-H 

* 

11  a-b, . . . 

* 

2.1  n-h   

* 

12 a-b.... 
12c-d.... 

* 

24  a-b  

* 

* 

24c-d 

* 

*  Indicates  that  material  from  the  bolt  listed  at  the  left  was  represented  in  the  kiln  run  whose  number  appears  at  the  top  of  the  column. 
Material  was  taken  from  each  bolt  for  tosts  in  green  and  air-dried  condition. 
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The  run  was  begun  with  4£  hours'  preliminary  steaming  at  90°  to  135°  F.  Temperatures 
and  humidities  were  as  shown  in  figure  16.  The  irregularities  in  these  factors  during  the  first 
few  days  were  duo  to  derangement  of  controlling  apparatus.  As  shown  by  the  curves  of  figure 
16,  the  samples  of  2-inch  stock  reached  a  satisfactory  dryness  and  it  was  removed  from  the 
kiln  three  dajs  ahead  of  the  3-inch  stock. 

Considerable  trouble  was  experienced  from  lack  of  uniformity  in  drying.  This  was  largely 
due  to  wide  variations  in  the  initial  moisture  content  of  different  pieces  and  to  apparently 
nonuniform  distribution  of  moisture  lenthwise  of  individual  pieces. 


KILN  RUN  95  K/LN  RUN  //O 

2in&3in  MATERIAL   2,n3 3/n MA TFRIAL 


  U  '  '  1  '  1  1  1  1  '  '  

2   4    6    8   IO  12  /4  16  A3  2    4    6    B  10  /2  14  16  /a  20  22  24  26  28  30  32  34 

Ota  OAY3 


K/L  N  RUN  149  A7Z/V  RUN  /50 


2/nMAT£R/AL  2 >n  MATSR/AL 


2   A    6    a  /O  12  /4  /6  A3  20  22  24  26  23  JO  32  34  36  3d  40  42  44  46  48  30  2  4    6    3  10  12  /4  16  /8  20  22  24  26  28  30  32  34  36 

DAYS  DAYS 


Flo.  16.— Kiln  conditions  for  western  white  pine,  kiln  runs  95  and  110  (shipment  488)  and  149  and  150  (shipment  570). 

Some  slight  evidence  of  casehardening  was  found  near  the  end  of  the  run.  It  was  not 
sufficient,  however,  to  necessitate  steaming. 

Run  110. — The  charge  for  this  run,  as  for  95,  was  of  2  by  3  inch,  2  by  4  inch,  2  by  5 
inch,  and  3  by  4  inch  pieces  derived  from  shipment  4SS  (see  Table  16).  Arrangement  of  the 
kiln  and  piling  of  stock  was  quite  similar  to  run  95.  Spaces  betwoon  pieces  in  the  layers  were, 
howover,  only  one-half  to  three-fourths  of  an  inch. 

After  preliminary  steaming  at  135°  F.  for  18  hours,  drying  conditions  were  established 
and  continued  as  shown  by  figure  16.  As  in  run  95,  considerable  trouble  was  experienced 
because  of  nonuniformity  of  moisture  distribution  in  the  charge.  This  condition  obtained  both 
at  the  beginning  and  at  the  end  of  the  run.  The  closer  piling  was  perhaps  in  part  responsible 
for  the  longer  drying  period  than  in  run  95.    Furthermore,  because  of  the  very  high  moisture 
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content  of  one  sample,  raising  of  temperature  and  lowering  of  humidity  were  delayed  longor 
than  in  run  95. 

Run  149. — The  charge  consisted  of  3  by  3  inch,  3  by  5  inch,  and  3  by  8  inch  pieces,  16  feet 
in  length,  derived  from  shipment  570.  Material  was  flat  piled  on  lA-inch  stickers  with  2-inch 
spaces. 

The  very  long  time  required  for  this  run  is  due  largely  to  the  fact  that  it  was  made  in  an 
experimental  kiln  in  which  a  fan  circulatory  system  had  been  devised  and  which  had  not  yet 
been  rendered  controllable.  Circulation  was  vory  poor  and  resulted  in  nonuniformity  of  tem- 
perature between  different  parts  of  the  kiln.  Slight  casehardening  was  relieved  by  steaming  for 
one  hour  at  185°  F.  on  the  thirtieth  day.    No  casehardening  was  evident  at  the  closo  of  the  run. 

Run  150. — The  charge  consistod  of  3  by  3  inch,  3  by  4  inch,  and  3  by  5  inch  pieces,  10  feet 
in  length  and  of  various  widths,  derived  from  shipment  570.  The  material  was  close-piled  on 
a  slant,  with  H-inch  stickers.  Matorial  was  steamed  for  one  hour  on  two  occasions  at  180° 
and  174°  F.,  respectively,  to  relievo  casehardening.  Slight  casehardening  was  present  when  the 
material  was  removed  from  the  kiln. 

A I  It  DRYING. 

Material  was  stored  for  air  drying  under  conditions  similar  to  those  for  Sitka  spruce  and 
Douglas  fir.  as  previously  described. 

STRENGTH  DATA. 

Table  17  gives  the  complete  data  available  after  the  testing  of  the  air-dried  material 
Improvement  ratios  derived  from  this  table  are  shown  in  Tablo  18  and  graphed  in  iigure  17. 

Table  IT. — Averaye  mechanical  test  values  0/  western  while  pine — (Tabulations  as  tested — No  adjustment  /or  moisture 

content). 


Properly. 


STATIC  BENDING. 

Moisture  (per  cent)'  

Spocific  gravity 2  

Fiber  stress  al  elastic  limit  (lbs.  persq.in.).. 

Modulus  of  rupture  (lbs.  per  sq.  in.)  

Modulus  o(  elasticity  (1,000  lbs.  pers<|.  in.). . 
Work  to  elastic  limit  (inch-lbs.  per  cu.  in.) . . 
Work  to  maximum  load  (inch-lbs.  per 
cu.  in.)  

IMPACT  BENDING,  60-POUND  HAMMER. 

Moisture  ( per  cen  t ) '  

Specific  gravity8  

Fiber  stress  at  olastic  limit  (lbs.  persq.in.).. 
Modulus o[ elasticity  (1,000  lbs.  persq.in.).. 
Work  toolasticlimii.  (inch-lbs.  per  cu.in.).. 
Drop  causing  complete  failuro  (inches)  

COMPRESSION  PARALLEL  TO  GRAIN. 

Moisture  (per  cent)'  

Specific  gravity2  

Maximum  criishingstrcngth  (lbs. per  sq.  in.) 


Shipment  224. 


Green. 


47.9 
.405 

8,  Ml 
6,147 
1,210 
.73 

5.5 


40.1 
.302 
7,218 
1,221 

"li'.o 


58.2 
.393 
3,070 


Air  dry 


8.0 
8.414 
12,938 
1,356 
,468 
2.9 

10.7 


8.3 
15.402 
1,070 
,967 


7.9 
7.432 
,840 


Shipment  488. 

Shipment  570. 

Green, 

Air  dry, 

Green, 

Air  dry, 

Green, 

Green, 

to 

to 

Kiln 

to 

to 

Kiln 

to 

Kiln 

to 

Kiln 

match 

match 

mil 

march 

mulch 

run 

match 

run 

match 

run 

kiln  run 

kiln  run 

95. 

kiln  run 

kiln  run 

110. 

kiln  run 

149. 

kiln  run 

150. 

95. 

95. 

110. 

110. 

149. 

150. 

|  65.9 

11.6 

II. 0 

57.3 

12.0 

8.0 

46.4 

7.9 

45.7 

8.5 

.360 

.397 

.388- 

.372 

.400 

.403 

.347 

.390 

.345 

.386 

3,400 

6,360 

6,610 

3,600 

6,270 

8,500 

3,280 

7,560 

3,240 

7,310 

5,130 

9,420 

10,000 

5,410 

9,200 

11,330 

:..  ion 

11,480 

5,100 

10,600 

1,132 

1,486 

1,512 

1,112 

1,471 

1,719 

1,169 

1,623 

1,149 

1,523 

6.2 

1.5 

1.6 

6.7 

1.5 

2.4 

.6 

2.2 

5.3 

2.0 

4.0 

7.9 

7.5 

5.2 

7.6 

7.7 

5.4 

9.3 

5.3 

9.2 

64.5 

11.1 

11.8 

59.4 

11.8 

9.9 

45.5 

7.7 

45.6 

10.5 

.362 

.385 

.379 

.360 

.396 

.399 

.361 

.383 

.358 

.388 

7,650 

11,800 

12, 160 

7,150 

11,250 

12,730 

7,980 

11,610 

7,930 

11,12(1 

1,304 

1,756 

1,860 

1,324 

1,678 

2,099 

1,403 

1,765 

1,402 

1,701 

2.5 

4.6 

4.5 

2.2 

4.2 

4.3 

2.6 

4.3 

2.0 

4.0 

17.4 

19.6 

20.3 

16.4 

21.3 

24.0 

1  17.6 

25.6 

17.6 

23.9 

55.0 

11-7 

12.0 

62.1 

12.1 

6.6 

47.1 

7.8 

47.1 

8.2 

.360 

.389 

.379 

.  302 

.389 

.394 

.350 

.385 

.350 

.382 

2,540 

5,120 

5,630 

2,470 

5,190 

7,090 

2,390 

5,750 

2,390 

6,000 

1  Percent  moisture  based  011  oven-dry  weight. 


2  Specific  gravity  basod  011  oven-dry  weight  and  volume  as  tested 
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1. — Average  improvement  ratios  of  western  white  pine. — {With  and  without  adjustment  to  9  per  cent  moisture.) 


Ship- 
ment. 


Seasoning. 


Static  bonding. 


Mois- 
ture. 


Modulus  ot 
rupture. 


L  R.as  I.  n.  ad- 
tested,  justed. 


Modulus  ot 
elasticity. 


L  R.asXR.ad 
tested,  justed. 


Work  to  maxi- 
mum load. 


I.R.ri 
tested. 


I.R.ad 
justed. 


Impact  bending, 
50-pound  hammer. 


Compression  parallel 
to  grain. 


Mois- 
ture. 


Height  of  maxi- 
mum drop. 


I.  R.as 
tested. 


I.R.ad 
justed. 


Mois- 
ture. 


Maximum 
crushing 
strength. 


I. R.as  I. R. ad- 
tested,  ju.ited. 


224 
488 

488 

570 
570 


Air-dry  , 

/Air-dry  , 

\Kiln  run  95.. 

/Air-dry  

\Kiln  run  110 

Kiln  run  149 

Kiln  run  150 


Per  cl- 


11.6 
11.0 


12.0 
8.0 


7.9 
8.5 


2.01 


1.84 
1.95 


1.70 
2.09 


2.23 
2.08 


1.87 


2.01 
2.08 


1.88 
1.94 


2.03 
1.97 


1.21 


1.31 
1.34 


1.32 
1.55 


1.39 
1.33 


1.19 


1.37 
1.38 


1.40 
1.48 


1.34 
1.30 


1.95 


1.72 
1.03 


l.ni 

1.48 


1.72 
1.74 


1.81 


1.87 
1.71 


1.57 
1.42 


1.62 
1.67 


Perct. 
8.3 


11.1 
11.8 


11.8 
9.9 


7.7 
10.5 


1.47 


1.13 
1.17 


1.30 
1.46 


1.46 
1.36 


1.42 


1.14 

1.20 


1.36 
1.47 


Pcrct. 
7.9 


11.7 
12.0 


12.1 
0.6 


7.8 

8.2 


2.55 


2.02 
2.22 


2.10 
3.11 


2.41 
2.51 


2.30 


2. 26 
2.58 


2.44 
2.54 


2.17 
2.40 


Fiber-saturation  point  assumed  to  be  at  24  per  cont  moisture  content. 


I.  R.— Improvement  ratio. 


In  Table  19  and  in  figure  18  are  given  the  ratios  which  were  available  for  the  first  analysis. 
These  ratios  differ  slightly  from  those  in  Table  18  and  figure  17  because  when  Table  IS  was 
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I'la.  17.— Improvement  ratios  tor  comparison  of  groups  of  kiln  and  air  dried  stock,  western  white  pine. 

made  up  it  became  necessary,  in  order  to  secure  the  best  matching,  to  reject  some  specimens, 
results  from  wliich  had  been  used  in  making  up  Table  19. 

Table  19. — Average  improvement  ratios  of  western  white  pine. — (With  and  without  adjustment  to  9  per  cent  moisture.) 

[Shipments  221  and  448.] 


Seasoning. 

Static  bonding. 

Impact  bending, 
50-]>ound  hammor. 

Compression  parallel 
to  grain. 

Mois- 
ture. 

Modulus  of 
rupture. 

Mudulus  of 
elasticity. 

Work  to  maxi- 
mum load. 

Mois- 
ture. 

Height  of  maxi- 
mum drop. 

Mois- 
ture. 

Maximum 
crushing 
strength. 

L  R.as 
testod. 

L  R.  ad- 
justed. 

t  R.as 
tested. 

I.  R.  ad- 
justed. 

I.  R.as 
testod. 

1.95 
1.64 
1.53 

I.R.ad- 
justed. 

I.  R.as 
tested. 

I.  It.  ad- 
justed. 

I.  R.as 
tested. 

I.  R.  ad- 
justed. 

Kiln  run  95  

Per  et. 
8.0 
10.9 
8.0 

2.01 
1  1.96 
2.09 

1.93 
2.16 
2.00 

1.21 
1.35 
1.55 

1.19 
1.41 
1.51 

1.87 
1.76 
1.49 

Per  tt. 
8.3 
11.6 
8.0 

1.47 
1.32 
1.42 

1.45 
1.40 
1.39 

Per  cl. 
7.9 
12.0 
6.6 

2.55 
2.24 
3.12 

2.39 
2.74 
2.66 

'  Air-dried  material  (rum  shipment  224. 


L  R.- Improvement  ratio. 
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DISCUSSION  AND  CONCLUSIONS. 

As  mentioned  on  page  20,  western  white  pine  is  to  be  used  as  an  example  of  the  two  methods 
of  analysis: 

1.  First  or  preliminary  analysis  based  on  comparison  of  kiln-dried  and  previously  air-dried 
material  by  means  of  the  increase  in  strength  properties  produced  by  kiln  drying  as  compared 
to  the  previously  observed  increase  from  air  drying. 

2.  Second  analysis  based  on  comparisons  of  matched  kdn  and  air-dried  material. 

FIRST  ANALYSIS. 

As  the  example  of  this  first  analysis,  the  discussion,  conclusions,  and  recommendations 
substantially  as  given  in  a  report  made  when  the  data  of  Table  19  and  figure  18  only  were 
available  will  be  repeated  here. 

Discussion. — Figure  18  Bhows  that  the  improvement  in  strength  properties  produced  by  kiln  drying,  with  the 
exception  of  work  to  maximum  load,  is  practically  as  great  as  is  secured  by  air  drying  as  determined  by  previous  tests 
from  a  single  tree. 
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-Improvement  ratios  for  comparison  of  kiln  runs  95  and  100  with  air-dried  slock  of  a  previous  shipment  (shipment  221 ),  western  white  pine. 


Apparently  air  drying  produced  in  the  material  of  this  one  tree  exceptional  improvement  in  work  to  maximum 
load.  This  belief  is  supported  by  the  fact  that  in  most  if  not  all  cases  other  coniferous  woods  have  shown  less  increase 
in  this  property.  Also  the  actual  values  for  work  to  maximum  load  for  the  air-dried  material  of  this  one  tree  ia  higher 
than  for  any  other  coniferous  species  except  the  very  heavy  and  dense  ones,  sucli  as  longleaf  pine.  Furthermore,  it 
is  the  general,  but  not  invariable,  rule  that  deflection  to  maximum  load  should  decrease  in  air  drying.  Data  on 
deflections  to  maximum  load  are  given  in  Table  20. 

Table  20. — Average  deflections  to  maximum  load  with  and  without  adjustments. 


Air-dry  ship- 
ment 224. 

Kiln  run  95. 

Kiln  run  110. 

0.73 
.75 

2  by  2 
.75 
1.03 

0.73 
.73 

1.75  by  1.75 
.64 
.85 

0.70 
.68 

1.75  by  1.75 
.60 
.85 

1  Adjusted  for  sizo  of  slick  ami  moisture  content.  A 11  green  sticks  were  2  by  2  inches. 
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From  the  foregoing  it  is  concluded  that  the  increase  in  work  to  maximum  load  obtained  from  the  one  tree  previously 
air  dried  is  abnormal  and  that  the  improvement  of  the  kiln-dried  material  in  this  respect  has  probably  been  as  great  as 
would  have  resulted  had  the  same  material  been  air  dried. 

Conclusions. — It  is  concluded,  then,  that  in  all  probability  runs  95  and  110  have  produced  as  good  results  as  would 
have  resulted  from  air  drying  the  same  material.  The  conditions  in  these  runs  were  less  severe  than  permitted  by 
Specification  20500-A  in  that  the  specification  admits  of  lower  humidities  than  were  used  near  the  end  of  the  run. 
However,  tho  high  humidities  maintained  until  the  end  of  the  runs  (in  1 10  because  of  the  very  high  moisture  content  of 
a  single  sample)  are  not  believed  essential  to  the  preservation  of  strength  properties.  A  lower  humidity  would  perhaps 
have  shortened  the  time  of  drying  somewhat.  Data  on  material  dried  in  accordance  with  Specification  20500-A  are 
not  yet  available. 

The  difficulty  experienced  in  these  runs  through  large  variations  in  moisture  content  of  the  stock,  and  through  dry- 
ing two  thicknesses  together,  emphasizes  the  desirability  of  classifying  material  on  the  basis  of  moisture  content  and  size, 
and  of  drying  each  class  separately.  A  rough  moisture  classification  such  as  could  be  obtained  by  "hefting"  each 
piece  as  loaded  into  the  kiln  would  probably  expedite  the  drying. 

Recommendations. — It  is  recommended: 

1 .  That,  until  additional  data  on  the  effect  of  various  temperatures  and  humidities  on  the  strength  of  western  white 
pine  can  be  obtained,  Table  1  of  Specification  20500-A  be  used  for  drying  this  species. 

2.  That  consideration  be  given  to  grouping  material  into  two  or  more  classes  on  the  basis  of  moisture  content,  and 
1 1  drying  material  of  but  one  moisture  content  class  in  the  same  kiln  charge  or  placing  the  material  containing  the  most 
water  in  the  fastest-drying  portion  of  the  kiln. 

SECOND  ANALYSIS. 

Discussion  of  rum  95  and  1 10. — Referring  now  to  figure  17,  it  is  seen  that  material  from  kiln 
runs  95  and  110  excels  matched  air-dried  material  in  all  properties  except  work  to  maximum  load. 
This  is  the  property  in  which  the  kiln-dried  material  seemed  to  fall  short  when  the  first  analysis 
was  made.  However,  this  shortage  is  believed  to  be  entirely  offset  by  the  superiority  in  drop 
values  and  in  other  properties. 

In  fact,  almost  any  reasonable  weighting  of  properties  and  summing  up  of  the  effect  of  dry- 
ing on  the  properties  as  a  whole  shows  that  the  two  kiln  runs  have  been  practically  equal  in  their 
effect,  and  have  produced  results  fully  as  good  as  air  drying. 

The  differences  between  runs  95  and  110  and  the  corresponding  groups  of  air-dried  material 
are  in  all  probability  not  a  result  of  the  different  methods  of  seasoning,  but  are  actual  inherent 
differences  in  material,  impossible  to  avoid. 

Discussion  of  runs  149  and  150. — In  the  absence  of  air-dried  material  corresponding  to  runs 
149  and  150  it  is  not  possible,  of  course,  to  make  positive  statements  in  regard  to  their  effects. 
By  comparison  with  the  improvement  in  the  air-dried  material  of  shipment  224  and  488, 
the  results  of  these  two  runs  seem  quite  satisfactory.  Moreover,  the  lack  of  any  consistent  or 
apparently  appreciable  superiority  of  one  run  over  the  other,  material  for  the  two  runs  having 
been  secured  from  the  same  trees  and  being  very  much  alike  (compare  "green  to  match  kiln 
run  149"  with  "green  to  match  kiln  run  150,"  Table  17),  indicates  practical  equality. 

This  equality,  taken  together  with  the  fact  that  run  149  was  at  a  considerably  higher  temper- 
ature than  150,  might  also  be  taken  as  an  indication  that,  up  to  the  limits  of  run  149,  no  damage 
from  high  temperatures  was  to  be  expected.  Caution  must  be  observed  here,  however.  It  is  indi- 
cated by  the  long  period  required  for  drying  in  run  149,  and  also  shown  by  records  of  this  run,  that 
circulation  was  not  good.  The  natural  accompaniment  of  poor  circulation  is  nonuniformity  of 
temperatures  in  different  parts  of  the  kiln.  Hence  it  is  entirely  possible  thatsome  of  the  material 
tested  may  not  have  been  subjected  to  as  severe  temperature  conditions  as  are  indicated  in 
figure  16. 

It  must  be  said  that,  in  general,  the  kiln  drying  of  western  white  pine  in  these  runs  has  not 
been  eminently  satisfactory.  This  is  attributed  largely  to  the  character  of  the  material  with 
respect  to  moisture  content.  As  has  been  mentioned,  moisture  content  has  been  found  to  bo 
very  nonuniform. 

Conclusions. — It  is  believed  that  the  data  presented  herein  justify  the  following  conclusions: 

1.  Western  white  pine  can  be  kiln  dried  without  damage  to  strength  properties. 

2.  Table  1  of  Specification  20500-A  can  be  depended  on  to  dry  western  white  pine  without 
damage  to  strength  properties. 

Recommendations. — It  is  recommended  that,  pending  the  results  of  further  tests,  tho  tem- 
peratures of  Specification  20500-A  be  not  exceeded  in  drying  western  white  pine,  and  that  the 
humidity  and  steaming  be  regulated  to  keep  casehardening  to  a  minimum. 
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COMMERCIAL  WHITE  ASH.1 

Eight  kiln  runs  (81,  82,  83,  90.  96,  97,  92,  and  100)  have  heen  made  on  white  ash  to  show 
the  effect  of  drying  under  various  combinations  of  temperatures  and  humidities. 

SOURCE  OF  MATERIAL. 

Shipment  499  consisted  of  partially  air-dried  rough  planks  furnished  by  one  of  the  airplane 
companies.  This  furnished  material  for  runs  81,  82,  and  83,  which  included  both  ash  and  Sitka 
spruce  and  are  previously  mentioned  as  "preliminary  runs." 

Shipmont  505  consisted  of  one  log  from  each  of  33  trees  from  southeastern  Arkansas. 
Three  logs  were  12  foot  long  and  the  romainder  16  feot.  Top  diameters  ranged  from  13  to  23 
inchos  and  tho  average  total  taper  from  top  to  butt  of  log  was  6^  inches. 


A-/  A-3 
A-Z  A-& 

C-*          |  C-3 
C-2           |  C-4 

£-/  £3 
S-Z  B-4- 

D-/            |  £-3 
D-Z           |  0-4- 

Fig.  19.— Cutting  of  white  ash  planks,  shipment  499. 

Material  from  logs  1  to  12,  inclusive,  was  dried  in  run  90.  Logs  13  to  33,  inclusive,  were 
represented  in  each  of  the  runs  96  and  97.  Mechanical  test  specimens  for  runs  96  and  97  were 
derived  from  material  from  the  even-numbered  logs. 

Shipment  507  consisted  of  fifty  12-foot  logs  from  near  Goshen,  Ind.  Top  diameters  ranged 
from  11  to  19  inches  and  tho  average  total  taper  was  2k  inches.  Material  for  runs  92  and  100 
was  derived  from  this  shipmont. 

MARKING  AND  MATCHING. 

The  material  from  shipments  505  and  507  was  cut  from  the  logs  as  illustrated  in  figure 
10,  and  was  marked  and  matched  in  the  usual  manner,  as  previously  described. 

Material  for  runs  81  and  82  was  derived  from  10  planks  of  shipment  499,  cut  and  numbered 
as  shown  in  figure  19.    Pieces  marked  "D"  were  dried  in  run  81  and  those  numbered  "A" 


A-/  A-Z 
A  -3  A~-4- 

A-S  A-6 

A- 7        |  A-e~ 

Fio.  20.— Cutting  of  white  ash  planks,  shipment  499. 

in  run  82.  Sticks  A-l,  A-4,  D-l,  and  D-4  were  tested  as  dried;  A-2,  A-3,  and  D-2,  and  D-3 
were  steamed  and  bent  after  kiln  drying;2  B-l,  B-4,  C-l,  and  C-4  were  tested  partially  air- 
dried,  or  as  received  at  the  laboratory;  and  B-2,  B-3,  C-2.  and  C-3  were  stored  for  complete 
air  drying.3 

In  grouping  data  for  the  analysis  of  the  effect  of  kiln  drying  on  strength,  A  sticks  were 
considered  as  matched  to  C,  and  D  to  B. 

The  material  for  run  83  was  taken  from  20  planks  of  shipment  499,  cut  as  shown  in  figure 
20.  Piece  A  was  kiln  dried  and  tested,  and  pieces  B  and  C  were  tested  after  air  drying  for 
about  11  months. 

'  The  white  ash  tested  was  not  identified  as  to  exact  speeies.  It  was,  however,  of  some  of  the  species  included  in  the  term  "commercial  white 
ash,"  the  most  important  of  which  are:  W  hite  ash(  Fraxinus  amtricarta),  green  ash  ( Fraiintw  lanceolata),  blue  ash  ( Fraxinw  qwdrangulata),  bilt- 
morc  ash  ( Fraiinus  biltmoreana). 

'  The  results  of  the  steaming  and  bending  tests  are  not  to  be  discussed  here. 

•  These  sticks  have  not  been  tested. 

153215— S.  Doc.  16G,  66-2  36 


[ 


522 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


DESCRIPTION  OF  KILN  DRYING  CONDITIONS. 


Quantity  and  sizes  of  stock,  method  of  piling,  and  condition  before  and  after  drying  are 
given  for  each  kiln  run  in  Table  21.  Figure  21  shows  the  drying  conditions  for  each  run. 
Steaming  to  relieve  caschardening  was  done  in  runs  82  and  90  and  is  indicated  on  the  diagiams 
(fig.  21)  by  a  sudden  high  humidity  held  for  a  short  time  near  the  end  of  the  run.  Initial 
steaming  was  used  in  runs  90,  92.  and  96. 

Table  21. — Description  of  commercial  white  us/i  dried  in  kiln  rum  SI,  82,  Si,  90,  96,  97,  92,  and  100. 


Run. 


X2 
83 

go 

90 
117 
92 

10D 


Amount  ofstock. 


Size  of  pieces. 


10  plunks   IJ-lni  li  p 

widths. 


a  n  k  s  ,  various 


 do  do. 

20  planks  i  do.. 


Tl  pi  inks. 


Piling. 


Open— flat. 


.do. 

.do.. 


2-ineh  planks,  various 
widths,  Hi  feet  long. 


Clow— flat,  lj-ini'h  stickers 
every  2  feet . 


lM't  pieces  |  2  by  2  Inches  by  in  feet   Open— flat,  lj-ineh  slickers 

every  2i  feet. 

202  pieces  do  Open— flat.  2-Inch  slickers 

every  24  feet. 

282  pieces  |  2  by  2  inches,  10,  12.  and  If.    Open— flat,  1 4-ini-l>  stickers 

feet  long.  |    every  2  feet 

253  pieces . . 


2  by  2  inches  by  14  feet   Open— flat,  lj-lnch  stic  kcrs 

2-inch  chimneys. 


Condition  on  entering  the 
kiln. 


Partiallv  air  dry;  good  con- 
dition oxi«pt  very  badly 
weather  stained. 

....do  

Partially  air  dry;  slight 
cheeks. 

Good  condition  


Badly  sprung  and  in  some 

eases  checked. 
Very   badly  sprung  and 

(•becked. 
ISadlv  warped,  twhted,  and 

checked. 

Good  condition  


Condition  when  taken  from 
kiln. 


No  vUl  ie  harm. 


Do. 
O.  K. 

Loss  than  J  per  '  ent  degrade, 
all  being  in  7  planks,  fi  of 
which  were  checked  and  1 
cupped:  no  signs  of  case- 
hardening. 

No  vi-ihle  degrade. 

No  visible  degrade;  most  of 
warping  was  eliminated. 

No  vi-ibie  degrade;  twisted 
and  bent  condition  con- 
siderably relieved. 

No  degrade. 


AIR  DRYING. 

Material  was  air  dried  under  conditions  similar  to  those  previously  described  for  Sitka 
spruce  and  Douglas  lir. 

STRENGTH  DATA. 

Average  strength  values  for  the  various  groups  of  material  are  given  in  Table  22. 

Table  23  gives  the  improvement  ratios  for  the  more  important  properties  of  the  air-dried 
material  and  for  that  dried  in  the  various  kiln  runs,  both  without  adjustment  and  after  adjust- 
ment to  10  per  cent  moisture.  Each  ratio  given  in  this  table  is  based  on  the  average  of  all  the 
material  of  any  kiln  or  air  dried  group  as  compared  to  the  average  from  the  corresponding  green 
material. 

Figure  22  presents  in  graph  form  the  adjusted  improvement  ratios  of  Table  23. 

DISCUSSION. 

The  absence  of  complete  data  i.  e.,  green  and  air-dried  matching  that  kiln  dried,  on  runs 
81,  82,  and  83  makes  it  necessary  that  they  be  judged  by  comparing  the  improvement  they 
have  produced  with  that  produced  in  air  drying  the  other  groups.  '  Proceeding  on  this  basis, 
it  is  seen  that  83  is  normal  or  above  normal  in  all  respects,  while  81  and  82  are  epiite  low  in 
work  to  maximum  load,  and  82  is  ven'lowin  drop.  (See  Table  22  and  fig.  22.)  It  is  concluded 
that  83  has  in  all  probability  produced  as  good  results  as  would  be  secured  from  air  drying, 
but  that  SI  and  82  have  failed  to  give  good  results  in  work  and  drop  values  which  are  measures 
of  shock-absorbing  ability  and  of  great  importance  in  airplane  material. 

Careful  scrutiny  of  fables  22  and  23  and  figure  22  shows  that  runs  90,  96,  97,  92,  and  100 
are  all  fully  equal  to  the  corresponding  air-dried  material  in  the  important  properties  "work  to 
maximum  load"  and  "drop";  that  all  except  90  are  equal  or  superior  to  air-dried  in  modulus  of 
elasticity;  and  that  96  only  is  fully  equal  to  the  air-dried  in  modulus  of  rupture  and  maximum 
crushing  strength.  Furthermore,  run  90  falls  very  considerably  below  air  dried  in  these  latter 
properties.    A  r&sume'  of  the  above  amounts  to  this: 

1.  That  the  apparent  "efficiency"  of  tho  kiln  drying  as  shown  in  figure  22  and  Table  24 
is  greatest  for  those  properties  which  are  least  affected  by  changes  of  moisture  content — work  to 
maximum  load,  drop,  and  modulus  of  elasticity — and  least  for  those  properties  which  are  most 
influenced  by  changes  of  moisture  content — modulus  of  rupture  and  maximum  crushing  strength. 
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Fir.  21.— Kiln  conditions  for  white  ash  kiln  runs  81,  82,  and  83  (shipment  499),  runs  90,  96,  and  97  (shipment  505),  and  runs  92  and  100 

(shipment  507). 
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IMPROVEMENT 
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1 

KILN  RUN  92 

A  D  MATCHING  KP 100 

1 

KILN  RUN  100  | 

I 

1 
s 

I 
1 

1 

I 
I 
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2.  That  tho  run  (90)  showing  the  lowest  apparent  efficiency  in  modulus  of  rupture  and 
maximum  crushing  strength  is  the  run  in  which  moisture  content  of  the  kiln-dried  material 
is  farthest  below  the  corresponding  air-dried  material;  consequently,  for  which  adjustment  of 
moisture  had  to  be  made  across  tho  widest  interval. 

Now  it  is  recognized  that  the  methods  of  moisture  adjustment,  while  the  best  that  it  has 
been  possible  to  devise,  arc  not  porfect,  and  it  can  be  demonstrated  that  any  errors  in  the 
applicability  of  the  fundamental  assumptions  underlying  the  methods  of  adjustment  used  will 
havo  the  largest  percentage  ofTcct  on  the  computed  "efficiencies"  as  presented  in  Table  24,  when: 

1.  Applied  to  those  properties  which  are  most  largely  affected  by  change  of  moisture 
content. 

2.  Tho  interval  across  which  moisture  adjustment  must  bo  mado  is  largest. 

Table  22. — Mechanical  properties  of  commercial  white  ash  (summaries  of  oriijinal  test  values). 


STATIC  BENDING. 


Moisture  (percent)1  

Specific  gravity1  

Kiber  stress  at  elastic  limit  (lbs.  persq.  in.)  

Modulus  of  rupture  (His.  per  sq.  in.)  

Modulus  of  elasticity  (1.000  lbs.  per  sq.  in.)  

Work  to  elastic  limit  (inch-lbs.  per  en.  in.)  

Work  to  maximum  load  (inch-lbs.  per  cu.  in.) . 
Work,  total  (inch-lbs.  per  eu.  in.)  


Various  ship- 
ments. 


Tree.  Ship. 
13  75 


19 
1 
1 

5 
3 
1 


101 
214 

222 
223 
256 
257 


Green.  Air-dry 


IMPACT  BENDING,  GO-POUND  IIAMMKU. 


Moisture  (per  cent)1  , 

Specific  gravity1  

Kiber  stress  at  elastic  limit  (lbs.  per  sq.  in.)  

Modulus  of  elasticity  (1,000 lbs.  per  sq.  in.)  

Work  to  elastic  limit  (inch-lbs.  per  cu.  in.)  

Prop  causing  complete  failure  (inches)  

v'OMPRE.SSION  PARALLEL  TO  GRAIN*. 


Moisture  (percent)'  

Specific  gravity1  

Maximum  crushing  strength  (lbs.  pcrsq.  in.).. 


COMPRESSION  I'ERl'ENDIt TEAR  TO  GRAIN. 

Crushing  strength  at  elastic  limit  (lbs.  pcrsq.  in.). 

HARDNESS    BALL  TEST. 


Knd (pounds)  

Radial  (pounds)  

Tangential  (pounds). 


SHEARING  STRENGTH. 


Radial  (lbs.  pcrsq.  In.)  

Tangential  (lbs.  persq.  in.). 


TENSION*  PERPENDICULAR  To  GRAIN. 


Radial  (lbs.  per  sq.  in.)  

Tangential  (lbs.  per  sq.  in.)., 


Radial  (lbs.  ncrinch  of  width)  

Tangential  (lbs.  per  inch  ol  width). 


41.0 

.54 
5, 7S0 
10,  tin 
1,608 
1.26 
14.29 
111.20 


41.(1 
.534 
ll!.'.'-!! 
1,605 
.*i.25 
88.7 


42.2 
.541 
4,310 


1,033 
952 
9S4 


1,299 
1,284 


Ml 

679 


330 
376 


8.9 
.597 
1 1 .  000 

I6.9IU 
1,900 
3.64 
15.4 
30.5 


.  592 
19,500 
2,1S9 
9.77 
39.0 


9.0 
.597 
8,760 


1,772 


1.964 
1,432 
1,39* 


.',  I  Oil 

2,028 


M0 
789 


457 
24  X 


Shipment  499. 


Par- 
tially 
air-dry 

match-  Kiln 


ing 
kiln 
runs 
81-82. 


run  SI. 


Kiln 
run  s2. 


15.9 

.558 
6,280 
10,910 
1.  137 

1.55 
13.40 

21.0 


17.0 

.560 
15,290 

2,151  ; 

6.1  I 
32.  1 


16.5 
.558 
4,650 


4.4 
.578 
8,560 
13,460 
1,689 
2.  52 
8. 34 
1.9 


4.8 
.581 
17,750 
2,708 
6.5 
37.8 


4.7 
.586 
1,380 


1.171 
1.026 
1,0-0 


1.410 

1,801 
1,248 


7.2 
.602 
9,300 
14,250 
1,676 
2. 97 
11.2 
IS.  3 


7.2 
.588 
15,510 
2,616 
5.4 
10.1 


7.4 
.591 
s,3S(l 


2,118 
1,377 
1,440 


Air-dry 
match- 
ing 
kiln 
run  83. 


Kiln 
run  S3. 


12.6 
.568 

7,280 
12,440 

1,569 
1.95 
13.3 


13.5 
.558 
19,120 
3,066 
6.8 
3S.0 


11.7 

.585 
6,530 


6.2 
.588 
10,340 
16,530 
1.748 
3. 40 
13.5 
23.2 


6.0 
.599 
21,750 
2,697 
9.9 
48.1 


.592 


1,919 
1,441 
1,453 


Shipment  505. 


Green 
match- 
ing 
kiln 
run  90. 


45.1 
.534 
5. 400 
8,940 
1,349 
1.30 
13.0 


Air-drv 

"?,;f,""  sam 

kiln  "-**90' 
run  90. 


12.9 
.574 

8,320 
12,970 

1.563 
2.49 

12.51 


4  1  I 

.542 
13, 030 
I. SIS 
5. 1 
43.1 


45.8 
.531 
3,730 


12.8 
.587 
13,880 
2, 254 
4.7 
34.1 


■  12.5 
.578 
6,800 


£65  1,546 


954 
860 
889 


1,364 
1,316 


1,278 
1,250 


1.920 
1,774 


934 
677 


433 
415 


8.9 
.  586 
8,  110 
13,970 
1,613 
2.32 
12.2 


.  8.8 
.  596 
13.200 
2, 026 
4.8 
36.  0 


9.0 
.590 
6,990 


1,567 


1,691 
I  ,  292 
1,358 


2,036 
1,966 


Green 
match- 
ing 
kiln 
run  9<i. 


42.4 
.519 
4,910 
8,520 
1,266 
1.10 
12.  20 


41.0 

.527 
10,020 
1,605 
3.5 
43.6 


43.5 
.518 
3,780 


1 , 006 
909 
910 


1 , 286 
1,262 


329 
309 
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Table  22. —  Mechanical  properties  of  commercial  white  ash — Continued. 


STATIC  BENDING. 


Shipment  503 — Continued. 


Air-dry 
match- 
ing 
kiln 
run  96. 


Kiln 
run  90. 


Moisture  (per  cent) '  

Specific  gravity'  

Fiber  stress  at  elastic  limit  (lbs.  per  sq.  in.)  

Modulus  of  rupture  (lbs.  per  sq.  in.)  

Modulus  o(  elasticity  (1,000 lbs.  persq.  in.)  I 

Work  to  elastic  limit  (inch-lbs.  per  cu.  in.)  

Work  to  maximum  load  (inch-lbs.  |>er  cu.  in.) . . 
Work,  total  (inch-lbs.  per  cu.  in.)  


IMPACT  BENDING,  SO-POUNI)  HAMMER. 


13.0 
.577 

7,720 
12,940 

1,502 
2.17 
13.0 


Moisture  (per  cent) '  

Specific  gravity '  

Fiber  stress  at  elastic  limit  (lbs.  per  sq.  in.)  

Modulus  of  elasticity  ( 1 ,000  lbs.  per  sq.  i  n . )  

Work  to  elastic  limit  (Inch-lbs.  pcrcu.  in.)  

Drop  causing  complete  failure  (inches)  I    3d.  4 


13.4 
.567 
12.280 
2,015 
4.2 


COMPRESSION  PARALLEL  TO  GRAIN. 


Moisture  (per  cent) 1  

Specific  gravity 1  

Maximum  crushing  strength  (lbs.  persq.  in.). 


COMPRESSION  PERPENDICULAR  TO  GRAIN. 

Crushing  strength  at  elastic  limit  (lbs.  per  sq.  In.) . 

HARDNESS,  BALI.  TEST. 


End  (pounds)  

Radial  (pounds)  

Tangential  (pounds) . 


SHEARING  STRENGTH. 


Kadial  (lbs.  per  sq.  in.)  

Tangential  (lbs.  per  sq.  in.). 


TENSION  PERPENDICULAR  TO  GRAIN. 


12.9 

.570 
6,260 


.1,465 


1,430 
1,191 
1,398 


2,110 
1,876 


Radial  (lbs.  persq.  in.)  

Tangential  (lbs.  per  sq.  in.). 


Radial  (lbs.  per  inch  in  width)  

Tangential  (lbs.  porinch  of  width).. 


12.2 

.560 
7,640 
13, 780 
1.5.8.) 

2.10 
14.45 

41.6 


11.9 
.582 
12.110 
2,170 
3.8 
35.8 


12.0 

.572 


1,490 


1,409 
1.232 
1,245 


2,079 
1,882 


Green  I  Air-dry 
match-  match- 


ing 
kiln 
run  97 


736 


446 
341 


ing 
kiln 
run  97. 


42.1 
.525 
5,110 
8,820 
1,294 
1.17 
12.  75 


13.0 
.579 

7,870 
12.930 

1.526 
2.24 

12.  77 


40.2 
.529 
10,170 
1,590 
3.7 
40.6 


43.5 
.518 
3,780 


1,006 
909 
940 


1,286 
1,262 


561 


329 


13.2 
.572 
12.540 
2.082 
4.2 
36.7 


12.9 
.570 
6.260 


1,465 


1,430 
1,191 
1,398 


2,110 
1,876 


Kiln 
run  97. 


12.9 
.590 

7,210 
12,85" 

1.013 

1 .  80 
13.6 


Shipment  507. 


Green  Air-dry 
match- ,  match- 
ing ing 
kiln  kiln 
run  92.  i  run  92. 


Kiln 
run  92. 


35.8 
.  505 
5,7711 
9, 750 
1,452 
1.30 
10.32 


12.7 
.599 

9,390 
14,340 

1.729 
2.94 

15. 12 


11.0 
.019 

8,800 
15,280 

1,790 
2.44 

16.50 


Green  i  Air-dry 
match- (  match- 
ing ing 
kiln   ,  kiln 
run  100.  run  1 00 


Kiln 
run  100. 


30. 0 
.561 

5,118(1 

9,600 
1 , 429 
1.28 
10.47 


11.9 

.570 
12,100 
1,995 
3.9 
30.1 


12.0 
.509 
0,240 


1,190 


1,404 
1,164 
1,226 


1,911 
1,820 


30.7 
.579 
12,830 
1,910 

4.8  I 
52.0 


12.6 
.604 
10.340 
2,145 
7.0 
41.7 


37.0  12.8 
.565  1  .011 
3,950  0,770 


904  1.041 


736 


440 
341 


978 
950 
981 


1,651 
1,288 
1,382 


2,254 
2,083 


111 

.017 
13.  1811 

2,334 
4.5 
44.5 


11.0 
.026 
7,380 

1,642 


1,7.53 
1,299 
1.304 


2,033 
2,021 


36.7 
.567 
12.700 
1,876 
4.8 
53.3 


36.9 
.553 
3,920 


975 
944 
98] 


1,303 
1,363 


12.6 
.598 

9,340 
14,280 

1,730 
2.90 

15.03 


12.7 
.004 
16,350 
2, 105 
7.0 
42.2 


12.8 
•  010 
6,750 


1,641 


1,048 

1,293 
1,375 


2,254 
2,0" 


'  Per  cent  moisture  based  on  oven-dry  weight.  1  Specific  gravity  based  on  oven-dry  weight  and  volume  at  test. 

Notes: 

Shipment  73 — Green  ash  ( Frariuu.1  (anceolifa)  grown  in  Richland  Parish,  La. 
Shipment  101— White  ash  ( Fraxintu  amrrkana)  grown  in  Stone  County,  Ark. 
Shipment  214— White  ash  (  Fratinm  ancricana)  grown  in  Oswego  County,  N.  Y. 
Shipment  222— Blue  aih  ( F'fizinu*  quadranyufata)  grown  in  Bourbon  County,  Kv. 
Shipment  223— Green  ash  ( Frarinu*  linceolita  i  urown  in  N'tv.v  Madrid  County,  Mo. 
Shipment  250 — White  ash  ( Frarinui  amcri:ana)  grown  in  Pocahontas  County,  W.  Va. 
Shipment  2  >7— Blltmore  ash  ( Fratinu*  biltmorcana)  grown  in  Overton  County,  Tenn, 
Test  specimens  of  shipment  499  were  1.25  by  1.25  inches. 
Values  of  drop,  shipmont  499  adjusted  to  2  by  2  inch  sticks. 
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Table  23. — Commercial  uhite  ash.    (Improvement  ratios  with  and  without  adjustment  to  10  per  cent  moisture  of  kiln-dried 

and  air-dried  material.) 

I  Fiber-saturation  point— 20  per  cent  moisture.] 


Ship- 
merit. 

Seasoning. 

Static  bending. 

Impact  bending, 
50-pound  hammer. 

Compression  parallel  to 
grain. 

Mois- 
ture. 

Modulus  of 
rupturo. 

Modulus  of 
elasticity. 

Work  to  maxi- 
mum load. 

Mois- 
ture. 

Height  of 
maximum  drop. 

Mois- 
ture. 

Maximum  crush- 
ing strength. 

I  R 

as 
tested. 

I  R 

ad-' 
justed. 

I  R 

as 
tested. 

I  R 

ad-' 
justed. 

I  R 
1.  K. 

as 
tested. 

T  1? 
1.  l\. 

ad- 
justed. 

i.  li- 
as 
tested. 

T  TJ 
1.  l\. 

ad- 
justed. 

1.  It. 

as 
tested. 

T  T> 

ad- 
justed. 

Air  dry  

Per  ct 

l'CTCl 

P(T  Ct. 

75 

11.4 

1.54 

1.65 

1.22 

1.26 

1.18 

1.21 

U.8 

1.00 

1.00 

11.2 

1.81 

1.96 

101 

10.4 

1.78 

1.83 

1.37 

1.39 

1.26 

1.27 

10.8 

1  01 

1  035 

10.5 

1.87 

1.93 

214 

 do  

a  n 

1.73 

1.65 

1.22 

1.20 

1.04 

1.035 

o  n 

.98 

■  98 

9.5 

2.04 

1.97 

222 

 do  

9.7 

1.53 

1.51 

1.15 

1.14 

.97 

.97 

9.3 

.97 

.97 

9.6 

1.85 

1.77 

do 

9.5 

1.61 

1.57 

1.20 

1.19 

1.12 

1.11 

9.3 

.82 

.83 

9.6 

1.80 

1.76 

256 

 do..:  

7.0 

1.92 

1.65 

1.31 

1.23 

.98 

.985 

6.2 

.98 

.99 

6.9 

2.50 

2.01 

257 

 do  

6.6 

1.68 

1.43 

1.32 

121 

1.01 

1.08 

5.3 

1.55 

1.35 

5.4 

2.60 

1.92 

4.4 

1.23 

1.20 

1.18 

1.16 

.62 

.68 

4.8 

1.17 

1.14 

4.7 

2.02 

1.82 

•499 

\  Kiln  run  82  

7.2 

1.30 

1.35 

1.17 

1.20 

.84 

.82 

7.2 

■  31 

.30 

7.4 

1.80 

1.91 

6.2 

1.56 

2.00 

1.12 

1.20 

1.03 

1.05 

5.9 

1.30 

1.42 

6.8 

135 

1.85 

Kiln  run  90  

8.9 

1.50 

1.49 

1.197 

1.15 

.94 

.95 

8.8 

.84 

.86 

•9.0 

1.88 

1.78 

Air  dry  

12.9 

1.45 

1.69 

1.16 

1.23 

.96 

.94 

.12.8 

.79 

.72 

12.5 

1.82 

2.22 

505 

Kiln  run  96  

12.2 

1.62 

1.85 

1.25 

1.33 

1.18 

1.24 

11.9 

.82 

.78 

12.0 

1.77 

2.05 

Air  dry  

13.0 

1.52 

1.83 

1.19 

1.28 

1.07 

1.10 

13.4 

.835 

.76 

12.9 

1.66 

2.05 

Kiln  run  97  

12.9 

1.46 

1.70 

1.25 

1.37 

1.07 

1.10 

11-9 

.89 

.87 

12.6 

1.65 

1.97 

Air  dry  

13.0 

1.47 

1.74 

1.18 

1.27 

1.00 

1.00 

13.2 

.90 

.86 

12.9 

1.66 

2.05 

n.o 

1.57 

165 

1.24 

1.27 

1.01 

1.01 

11.1 

.85 

.83 

11.0 

1.87 

2.00 

Air  drv  

12.-7 

1.47 

1.70 

1.19 

1.27 

.93 

.90 

12.6 

.79 

.73 

12.8 

1.71 

2. 10 

507 

Kiln  run  100  

11.3 

1.56 

1.67 

1.28 

1.33 

.97 

.96 

'  11.2 

.78 

.75 

11.0 

1.87 

2.01 

12.6 

1.48 

1.70 

1.21 

1.29 

.915 

.89 

12.7 

.79 

.72 

12-8 

172 

2.12 

.  ~  ,   kiln-dried  , 

1 1.  R.  as  tested-  aif-cjrj^f  ("°  green  to  match). 


Table  24.—  Efficiencies  for  kiln  runs  on  white  ash. 


Property. 

F 

Shipment  505. 

Shipment  507. 

Kiln  run  90. 

Kiln  run  96. 

Klin  run  97. 

Kiln  run  92. 

Klin  run  100. 

E 

EXF 

E 

EXF 

202.2 
415.2 
338.4 
308.1 
200.0 
1,463.9 
104.6 

E 

EXF 

E 

ExF 

E 

EXF 

Work  

S(EXF)  

2 

1 
3 
2 

Percent. 
88.1 
93.5 
101.1 
1 19. 2 
80.3 

176.2 
374.0 
303.3 
357.6 
160. 6 
1,371.7 
98.0 

Per  cent. 
101.1 
103.8 
112. 8 
102.7 
100.0 

Per  cent. 

97.7 
107.9 
110.0 
101  1 

96.2 

195.4 
431.6 
330.0 
303.3 
192.4 
1,452.7 
103.8 

Per  cent. 

97.0 
100.0 
112.1 
113.6 

95.3 

194.0 
400.0 
336. 3 
340.8 
190.6 
1,461.7 
104.4 

Per  cent. 

97.7 
103.1 
107.9 
104.1 

94.8 

195.4 
412.4 
323.7 
312.3 
189.6 
1.433.4 
102.4 

r(ExF)-7-SF-wcighled  average  E 

ZE    . 

482.2 
96.4 

520. 4 
101.1 

512.9 
102.6 

51S.0 
103.0 

507.6 
101.5 

F=  Weighting  factor 

.  Improvement  ratio  for  property  of  kiln  dry    

a'"c- ""Improvement  ratio  for  same  property  of  corresponding  air  dry 


CONCLUSIONS. 

From  the  above  discussion  the  following  conclusions  are  drawn: 

1.  Runs  81  and  82  made  on  partially  air-dried  material  at  high  temperatures  (180°  to  210°  F.) 
and  with  comparatively  low  humidities,  resulted  in  rather  severe  damage  to  the  important 
properties  of  work  to  maximum  load  and  drop.  (It  is  notable  that  neither  of  these  runs  produced 
any  visible  damage.) 

2.  Run  83  on  partially  air-dried  material,  and  90,  96,  97,  92,  and  100  on  green  at  more  mod- 
erate temperatures  (initial  100°  to  125°  F.  and  maximum  120°  to  160°  F.)  and  somewhat  higher 
humidities,  have  all  produced  material  practically  equal  in  mechanical  properties  to  air-dried. 

3.  Results  of  this  latter  group  of  kiln  runs  furnish  no  basis  for  coordination  between  severity 
of  kiln  conditions  and  effect  on  mechanical  value  of  the  product. 

4.  From  2  follows  the  conclusion  that  Table  1  of  Specification  20500-A  is  a  safe  schedule  for 
the  drying  of  white  ash. 
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RECOMMENDATION. 

Itis  recommended  that  in  drying  white  ash  for  use  where  the  retention  of  maximum  strength 
is  essential,  the  temperatures  of  Table  1  of  Specification  20500-A  should  not  be  exceeded. 

PORT  ORFORD  CEDAR. 

Four  kiln  runs  have  been  made  on  Port  Orford  cedar.  The  runs  were  numbered  124,  125. 
126,  and  157. 

Kiln  run  124  subjected  the  stock  to  slightly  milder  conditions  than  those  specified  in 
Table  1,  Specification  20500-A. 

Run  125  was  made  under  rather  severe  high-temperature  conditions.  From  an  initial 
temperature  of  165°  F.  and  a  relative  humidity  of  80  per  cent,  near  the  fiber-saturation  point  the 
temperature  reached  175°  F.  and  the  relative  humidity  40  per  cent,  ending  with  a  temperature  of 
152°  F.  and  a  relative  humidity  of  35  per  cent. 

The  temperatures  and  humidities  called  for  by  Table  2  of  Specification  20500-A  were  used 
as  a  basis  for  the  conditions  of  kiln  run  126. 

For  kiln  run  157,  a  practically  constant  temperature  of  120°  F.  with  a  relative  humidity  of 
80  per  cent  was  used. 

PHYSICAL  RESULTS. 

The  average  moisture  content  of  green  material  in  all  four  runs  was  35  per  cent,  with  samples 
from  124  containing  32  per  cent,  125  containing  38.2,  126  containing  35.5,  and  157  containing 
33  per  cent.  The  moisture  contents  were  reduced  to  8,  4,  8.2,  and  8  per  cent  respectively.  The 
time  varied  from  eight  days  for  run  125  to  thirty-eight  days  for  run  157,  with  run  124  taking 
nineteen  days  and  run  126  twenty-eight  days.  Runs  124  and  125  showed  practically  no  visible 
degrade,  while  runs  126  and  157  showed  3  and  8  per  cent,  respectively. 

MECHANICAL  RESULTS. 

Comparison  of  kiln-dried  material  witli  previously  tested  air-dried  material  shows  improve- 
ment ratios  for  the  kiln-dried  material  lower  in  varying  degrees  than  for  air-dried  material  for  all 
properties  except  maximum  crushing  strength  in  compression  parellel  to  grain.  The  kiln 
material  approximately  equals  air-dried  in  modulus  of  elasticity  in  static  bending,  lagging  slightly 
behind  air-dried  material  in  modulus  of  rupture  in  static  bending,  and  dropping  well  behind  the 
air-dried  for  work  to  maximum  load  in  static  bending  and  drop  in  impact  bending.  There  are 
no  appreciable  differences  in  the  improvements  of  the  first  three  kiln  runs,  all  being  exceptionally 
uniform.  Run  157,  however,  is  somewhat  erratic.  It  is  noticeably  higher  than  the  previous 
runs  in  improvement  in  work  to  maximum  load,  and  noticeably  lower  in  drop  in  impact  bending. 

CONCLUSIONS. 

The  previously  tested  air-dried  material  with  which  t  he  kiln-dried  is  compared  came  from  one 
tree  only,  and  from  evidence  at  hand  it  is  concluded  that  it  showed  exceptional  improvement 
in  air  drying.  It  is  therefore  probable  that  the  kiln-dried  material  gave  as  great  improvement 
as  it  would  have  done  had  it  been  subjected  to  a  long  period  of  air  seasoning.  A  comparison 
of  various  kiln  runs  shows  no  significant  difference  in  the  improvement  in  strength  values  be- 
tween the  different  runs,  in  spite  of  a  considerable  range  of  the  temperatures  used  in  drying. 

RECOMMENDATIONS. 

In  view  of  the  fact  that  positive  conclusions  can  not  be  reached  until  tests  have  been  made 
on  air-dried  material  corresponding  to  that  kiln-dried,  and  the  further  fact  that  any  lack  of  con- 
trol of  kiln  conditions  is  more  likely  to  result  in  damage  when  attempting  to  run  by  a  high-tem- 
perature schedule,  it  is  recommended  that  higher  temperatures  and  lower  humidities  than  those 
of  Table  1,  Specification  20500-A,  should  not  be  used  in  drying  Port  Orford  cedar,  unless  there 
is  urgent  need  for  rapid  drying,  and  then  only  in  case  the  kiln  operation  is  in  charge  of  an  ex- 
periencedjnan. 
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BALD  CYPRESS. 

One  kiln  run  has  boon  made  on  bald  cypress.  In  this  run  2  and  3  inch  material  was  dried, 
using  the  temperatures  and  humiditios  of  Table  1  of  Specification  20500-A.  During  the  last  two 
weeks  of  the  run  it  was  not  possible  to  reduce  humidity  below  40  per  cent,  thus  causing  a  depar- 
ture to  that  cxtont  from  Table  1 .  It  was  necessary  to  steam  nine  different  times  at  temperatures 
ranging  from  150°  to  176°  F.  for  periods  of  one  to  five  hours,  to  relieve  casehardening.  (Total 
time  of  steaming  24  i  hours.) 

PHYSICAL  RESULTS. 

The  average  moisture  content  was  reduced  from  91.8  to  7.3  per  cent  in  SO  days,  with  an 
average  visible  degrade  of  8  per  cont  due  to  springing  and  warping. 

The  material  from  butt  logs  was  found  to  dry  much  more  slowly  than  that  from  upper  logs. 

MECHANICAL  RESULTS. 

The  kiln-dried  material  gave  practically  as  great  an  improvement  in  static,  bending  as 
previously  air-dried  material,  the  former  being  noticeably  greater  in  "work".  The  kiln-dried 
material  from  lower  bolts  gave  a  greater  improvement  than  that  from  the  uppor  bolts  in  every 
case  except  drop  in  impa(  t  bending.  In  this  property,  and  also  in  maximum  crushing  strength 
in  compression  parallel  to  grain,  the  air-dried  material  gave  a  greater  improvement  than  the 
kiln-dried  material. 

CONCLUSIONS. 

It  is  not  possible  from  results  in  one  kiln  run  to  form  final  conclusions  on  the  proper  method 
of  kiln  drying  this  species.    From  data  collected  it  is  concluded  that: 

1.  Upper-log  material  can  bo  dried  much  more  rapidly  than  that  from  butt  logs,  and  the 
two  classes  should  bo  dried  separately. 

2.  Cypress  requires  more  than  ordinary  care  in  drying  in  order  to  prevent  checking,  hono}r- 
combing,  warping,  and  casehardening. 

3.  Cypress  can  be  kiln  dried  so  as  to  produce  material  equal  in  its  mechanical  properties  to 
air-dried  material,  but  final  judgment  on  this  point  can  not  bo  reached  until  matched  materia 
has  been  air  dried  and  tested. 

RECOMMENDATIONS. 

1.  That  butt-log  material  and  material  from  uppor  logs  bo  kiln  dried  separately. 

2.  That,  ponding  the  results  of  furthor  tests,  the  temperatures  of  Specification  20500-A 
should  not  be  exceeded  in  drying  bald  cypress,  and  that  humidity  and  steaming  be  regulated  to 
keep  casehardening  at  a  minimum. 

WESTERN  HEMLOCK. 

Two  kiln  runs  have  been  made  on  3-inch  material  of  this  spocies.  In  one  run  the  material 
was  dried  by  using  tcmperaturos  and  humidities  approximately  as  called  for  by  Table  1,  Speci- 
fication 20500-A  (temperatures  120°  F.  initial,  and  145°  F.  final  ;  humidities  80  per  <ent  initial, 
and  35  per  cent  final).  This  resulted  in  decreasing  the  moisture  content  from  an  average  of 
79  per  cent  to  an  average  of  6.7  per  cont  in  a  period  of  33  da}rs,  with  a  resultant  visible  degrade 
of  3  per  cent  due  to  opening  up  of  chocks. 

The  second,  which  was  a  high-tomporature  run  (temperatures  160°  F.  initial  to  180°  F. 
final,  with  humidities  70  per  cent  initial  to  50  per  cent  final),  compares  favorably  with  the 
first  run  both  in  time  required  for  drying  and  in  amount  of  degrade.  Tho  time  was  19  days  to 
reduce  the  moisture  content  from  98.4  per  cont  to  8.2  per  cont,  as  compared  with  25  days  to 
reduce  to  4.8  per  cent  for  tho  first  run.  The  average  visible  degrade  was  less  than  1  per  cont. 
The  first  run  had  only  slight  indications  of  casehardening  on  resawing,  while  severe  caseharden- 
ing was  indicated  in  tho  second  run. 

MECHANICAL  RESULTS. 

The  two  runs  are  practically  equal  to  each  other  and  to  previously-tested  air-dried  material 
in  improvement  of  modulus  of  rupture  and  work  to  maximum  load  in  static  bending.  However, 
in  modulus  of  elasticity,  while  the  high  temperature  run  equals  the  air-dried,  the  Table  1  run  falls 
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considerably  lower.  Both  runs  fail  to  show  improvement  equal  to  that  shown,  by  previously 
tested  air-drierl  material  in  impact  drop  anu*  compression  parallel  to  grain.  Were  it  not  for  the 
known  facts  concerning  the  variahility  of  timher — and  of  improvement  ratios  as  previously 
brought  out  in  this  report — c  ases  of  inferiority  in  improvement  to  previously  air-dried  material 
might  be  assumed  to  indicate  actual  damage  resulting  from  kiln  drying.  However,  the  fact  that 
tho  more  severe  kiln  conditions  have  produc  cd  material  pra<  ti<  ally  equal  in  all  and  considerably 
superior  in  some  properties  to  that  resulting  from  kiln  drying  under  milder  ( omlitions  is  accepted 
as  the  bettor  basis  of  judgment.  Groups  of  material  tested  after  drying  in  the  two  kiln  runs 
are  closely  matched  to  each  other:  hence,  comparisons  between  the  runs  are  much  more  accurate 
and  positive  than  comparisons  with  the  air-dried  material. 

CONCLUSIONS. 

The  conclusion  that  neither  kiln  process  damaged  the  material  must  be  regarded  as  tentative, 
pending  testing  of  matched  air-dried  material,  but  it  is  believed  that  conditions  scheduled  in 
Table  1  of  Specification  20500-A  are  safe  for  drying  western  hemlock.  Probably  considerably 
higher  temperatures  could  be  used  without  damage. 

R  ECOM  M  EN  D  ATIO  NS . 

In  view  of  the  fact  that  positive  conclusions  can  not  be  reached  until  tests  have  been  made 
on  air-dried  material  corresponding  to  that  kiln  dried,  and  the  further  fact  that  any  lack  of  control 
of  kiln  conditions  is  much  moro  likoly  to  rosult  in  damage  when  attempting  to  run  by  a  higher 
temperature  schedule  it  is  reeommondod  that  Table  1  of  Specification  20500-A  bo  used  in 
drying  western  homlock. 

WHITE  AND  NORWAY  PINE. 

Material  of  both  white  and  Norway  pino  was  dried  in  oach  of  two  kiln  runs.  One  run 
was  made  with  tomporature  varying  from  180°  to  200°  F.  and  relative  humidity  varying  from 
76  to  60  per  cent.  Tho  second  kiln  run  followed  quite  closely  the  schedule  of  temperatures 
and  relative  humidities  of  Table  I  of  Specification  20500-A. 

PHYSICAL  RESULTS. 

The  result  of  the  first  run  was  that  the  white  pine  was  dried  from  an  average  moisture  con- 
tent of  90  per  cent  to  an  average  of  5.3  por  cent  and  the  Norway  pine  from  22.5  to  6  per  cent 
in  a  period  of  16  days.  Both  species  had  a  visible  degiade  of  about  6  por  cent,  due  mostly 
to  checking.  The  high  temperature  caused  tho  pitch  and  resin  to  flow  to  the  surface  and 
harden. 

In  the  second  run  tho  white  pine  was  dried  from  an  average  moisture  content  of  09  per 
cent  to  an  average  of  10  per  cent  and  the  Norway  pine  from  35.5  per  cent  to  8.6  por  cent  in  a 
period  of  67  days.  Both  species  had  a  visible  degrade  of  6  per  cent,  due  to  checking,  twisting, 
and  warping. 

MECHANICAL  RESULTS. 

The  results  from  the  mechanical  tests  on  small  clear  specimens  indicate  that  the  two  runs 
produced  approximately  as  good  improvement  in  nearly  all  values  as  resulted  from  previous 
air  drying  and  that,  in  spite  of  the  great  difference  in  temperature,  the  two  runs  produced 
about  equally  good  results.  Tho  high-temperature  run  gave  considerably  better  improvement 
in  modulus  of  rupture  and  maximum  crushing  strength  of  Norway  pine,  and  slightly  better  in 
modulus  of  elasticity  of  both  species,  while  in  other  values  the  low  temperature  run  gave 
slightly,  but  not  significantly,  better  improvement. 

CONCLUSIONS. 

It  is  concluded  that  there  is  no  damaging  effect  to  be  expected  from  temperatures  as  high 
as  were  used  in  this  instance.  This  conclusion,  however,  must  be  regarded  as  tentative  until 
confirmed  or  disproved  by  tests  on  matched  material  which  is  now  air  drying. 
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RECOMMENDATIONS. 

Table  1  of  Specification  20500-A  is  recommended  for  use  in  drying  these  species  until 
additional  data  can  be  obtained  on  the  effect  of  various  temperatures  and  relative  humidities 
on  the  strength. 

WHITE  FIR. 

Two  kiln  runs  have  been  made  on  white  fir,  in  stock  of  3-inch  thickness  and  various  widths. 
The  temperature  in  one  run  ranged  from  1(50°  P.  initial  to  ISO0  F.  final.  The  other  run  fol- 
lowed quite  closely  the  schedule  of  Table  1  of  Specification  20500-A,  as  shown  in  Table  25. 

Table  25. — Kiln  conditions  used  in  runs  157  and  158.  compared  with  Table  1  of  Specification  20500-A. 


Average  (Irving  conditions. 


Slagc  of  drying. i 

Temperatures. 

Humidities. 

Kiln  run 
157. 

Kiln  run 
158. 

Table  1. 

Kiln  run 
157. 

Kiln  run 
158. 

Talile  1. 

Degrees  /•'. 
120 
120 
120 
125 
125 
140 
145 

Degrees  F. 

1(8 

165 
170 
177 
17(1 
181 
180 

Degree*  F. 
120 
125 
128 
138 
112 
145 
145 

Per  cent. 

SO 
80 
80 
70 
60 
37 
33 

Per  cent. 

70-80 
75 
75 
71 
71 
68 
50 

Per  cent. 
80 
70 
00 
44 
38 
33 
33 

'  As  dotormined  from  moisture  contents  of  samples. 


Kiln  run  157. — This  run  was  made  in  a  kiln  which  had  been  oquippod  with  fans  to  produce 
circulation. 

Tlio  material  was  steamed  18  hours  at  136°  F.  before  the  kiln  conditions  given  in  Tablo  25 
were  established.  Casehardoning  stresses  which  developed  during  the  run  made  four  addi- 
tional steamings  necessary,  at  temperatures  of  135°  to  160°  F.,  for  periods  of  one  to  two  hours. 
(Total  time,  six  hours.) 

Drying  from  an  average  moisture  content  of  100  to  8.2  per  cent  was  accomplished  in  57 
days,  with  an  average  visible  degrade  of  about  8  per  cent.  This  degrade  was  the  result  of 
twisting,  warping,  and  surface  checking. 

Kiln  run  158. — This  run  was  started  without  preliminary  steaming,  but  it  was  necessary 
to  steam  six  times  (total  time  19  hours)  during  the  run  to  relieve  casehardening.  The  steaming 
periods  ranged  from  one  and  one-half  to  six  hours,  at  temperatures  ranging  from  170°  to  182°  F. 

The  material  was  dried  from  an  average  moisture  content  of  149  to  7.7  per  cent  in  12  days; 
but  in  order  to  relieve  casehardening  it  was  necessary  to  continue  the  run  for  9  days,  during 
which  the  moisture  content  of  the  samples  was  reduced  to  5.1  per  cent.  The  moisture  content 
of  the  green  material  ranged  from  69  to  20S  per  cent. 

The  material  was  in  good  condition  on  entering  the  kiln,  although  several  pieces  showed 
end  and  heart  checks,  shakes,  and  springing.  After  being  dried  the  material  came  out  with  an 
average  degrade  from  warping,  springing,  twisting,  and  surface  checking  of  approximately  6 
per  cent. 

DISCUSSION  AND  CONCLUSIONS. 

The  material  was  compared  with  various  air-dried  firs  (silver,  grand,  and  noble)  as  well  as 
white  fir.  In  every  case,  except  maximum  drop  in  impact  bending,  kiln  run  157  is  superior  to 
the  average  of  the  air-dried  firs.  Kiln  run  158  is  somewhat  lower  than  this  average  in  maximum 
drop  in  impact  bending  and  in  maximum  crushing  strength  in  compression  parallel  to  grain. 

Both  runs  produced  material  which  was  better  in  improvement  of  strength  properties  than 
material  from  the  one  available  tree  of  air-dried  white  fir,  except  in  compression  parallel  to  the 
grain.    In  this  property  the  high-temperature  run  (158)  was  inferior  to  the  air-dried  material. 

It  appears  that  no  significant  damage  occurred  to  the  strength  properties  from  either  kiln 
treatment,  and  it  is  probable  that  the  Table  1  run  (157)  produced  at  least  as  good  results  as 
would  have  resulted  from  air  diying. 
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RECOMMENDATIONS. 

L  Pending  the  eompletion  of  tests  on  air-dried  material  matching  that  kiln  dried,  it  is 
recommended  that  Table  1  of  Specification  20500-A  be  used  in  drying  white  fir  for  use  where 
maximum  strength  is  essential. 

2.  If  faster  drying  than  can  be  produced  by  following  the  above  recommendation  is  nec- 
essary, the  temperatures  as  used  in  run  158  appear  to  be  fairly  safe,  providing  the  humidity  is 
regulated  to  prevent  severe  casehardening. 

3.  Because  of  the  large  variation  in  moisture  content  of  different  boards  of  this  species,  it 
is  recommended  that  this  material  be  divided  into  two  or  more  groups  according  to  the  weight 
of  the  pieces,  which  is  an  indication  of  the  moisture  content,  and  that  either  the  groups  be 
kiln  dried  separately  or  the  heavier  material  be  placed  in  the  most  rapid  drying  part  of  the  kiln. 

AFRICAN  AND  CENTRAL  AMERICAN  MAHOGANIES. 

Mechanical  tests  have  been  made  on  small,  clear  specimens  of  material  from  several  experi- 
mental kiln  runs  on  African  and  Central  American  mahoganies.  Runs  106,  107,  108,  and  109 
included  both  species.  Central  American  mahogany  was  dried  in  runs  161  and  162,  and  African 
mahogany  in  runs  164  and  165.  - 

The  ranges  in  temperatures  and  humidities  for  all  eight  runs  are  given  in  Table  26,  which 
also  lists,  for  the  purpose  of  comparison,  the  temperatures  and  humidities  of  Tables  1  and  2  of 
Specification  20500-A. 

Table  2G. — Kiln  conditions  used  in  runs  106,  107,  108,  109,  161.  162,  16-i,  and  165,  compared  V'ith  Tables  1  and  2  of 

Spex-ificatiem  20500-A. 


Average  drying  conditions— temperatures. 


Stage  of  drying. 

Kiln  run 
100. 

Kiln  rim 
107. 

Kiln  run 
108. 

Kiln  run 
109. 

Kiln  run 
161. 

Kiln  run 

102. 

Kiln  run 
104. 

Kiln  run 
165. 

Table  U 

Table  2.> 

After  finer  saturation  point  is  passed  (25 
At  12  per  cent  moisture  

Degrees  F. 
105 

108 
110 
115 

ue 

Degrees  F. 
180 

180 
180 
180 
180 

Degrees  F. 
90 

95 
10(1 
118 
118 

Degrees  F. 
120 

120 
120 
130 
120 

Degrees  F. 
105 

100 
100 
118 
128 
135 
135 

Degrees  F. 
120 

128 
130 
128 
150 
1.54 
147 

Degrees  F. 
105 

108 
110 
118 
131 
130 
90 

n_  - 
Degrees  F. 
115 

101 
107 
118 
120 
120 
129 

Degrees  F. 
120 

125 
128 
138 
142 
145 
145 

Degrees  F. 
105 

110 
117 
129 
135 
135 
135 

118 

K;0 

120 

138 

Stage  of  drying. 

Average  drying  conditions— humidittos. 

Kiln  run 
108. 

Kiln  run 
107. 

Kiln  run 
.  108. 

Kiln  run 
109. 

Kiln  run 
161.  ' 

Kilnrim 
102. 

Kiln  run 
164. 

Kiln  run 
105. 

Table  l.i 

Table  2.' 

The  beginning  

After  filter  saturation  point  is  passed  (28 

Par  cent. 
85 

76 
72 
08 
65 

Percent. 

85 

85 
00 
85 
85 

Percent. 

86 

75 
05 
50 
42 

Per  cent. 

80 

70 

72 

Per  cent. 
94-85 

80 
76 
57 
50 
46 
40 

Per  cent. 

80-88 

78 
70 
72 
61 
64 
04 

Per  cent. 
97 

74 
74 

05 
42 
43 
00 

Per  cent. 

82 

80 
74 
60 
.50 
50 
55 

Per  cent. 
80 

70 
00 
44 
38 
33 
33 

Per  cent. 

85 

73 
02 
46 
42 
40 
40 

Final.  

60 

80 

42 

54 

1  These  are  maximum  allowable  temperatures  and  minimum  allowable  humidities. 


Tho  length  of  time  required  for  drying,  the  amount  of  degrado,  and  the  original  and  final 
average  moisture  content  for  oach  run  are  all  given  in  Table  27. 


Table  27. — Phytieal  results  of  various  kiln  runs  of  African  and  Central  American  mahoaanics. 


African  mahogany. 

Central  American  mahogany. 

106 

107 

108 

109 

161 

102 

100 

107 

108 

109 

164 

165 

42 

14 

21 

20 

21 

24 

42 

14 

21 

20 

13 

25 

A  veragc  per  cent  moisture  con- 

06.5 

56.6 

70.0 

69.6 

60.0 

60.3 

06.5 

56.5 

70-0 

09.0 

41.0 

48.7 

Average  per  cent  moisture  con- 

tent,  final  

9.9 

10.0 

12.0 

8.4 

'8.9 

8.6 

9.9 

10.0 

12.0 

8.4 

7.7 

8.4 

I'cr  cent  visible  degrade  

None. 

2.0 

1.0 

1.0 

2.4 

3.0 

None. 

2.0 

1.0 

1.0 

24 

41 
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The  material  for  all  runs  was  approximately  1  inch  in  thickness. 

The  material  for  all  runs  except  108  was  steamed  before  drying  was  commenced,  and  all 
runs  except  106  were  again  steamed  from  one  to  four  times  to  relieve  casehardening.  The 
steaming  for  run  162,  however,  was  to  relieve  only  very  slight  casehardening. 

MECHANICAL  RESULTS. 

African  mahogany. — A  decided  gain  in  improvement  was  made  by  all  kiln  runs  over  the 
previously  tosted  air-dried  matorial  in  modulus  of  rupture  and  maximum  drop.  Work  to  maxi- 
mum load,  modulus  of  elasticity,  and  maximum  crushing  strength  may  all  bo  considered  equal 
to  the  average  of  the  air-dried  in  improvement. 

No  apparent  damage  is  shown  in  any  kiln  run,  and  the  matorial  is  considered  to  have  made 
at  least  as  good  improvement  as  woidd  have  resulted  from  air  drying. 

Central  American  mahogany. — Material  from  all  the  kiln  runs  shows  very  good  improve- 
ment in  strength  properties  over  the  corresponding  green  material.  Improvement  ratios  are 
in  nearly  every  case  as  high  as  resulted  from  the  air  drying  of  matorial  previously  tested. 

There  appears  to  be  but  very  little  difference  in  the  improvement  for  the  various  strength 
properties  produced  by  the  different  proc  esses  of  drying. 

DISCUSSION  AND  CONCLUSIONS. 

The  satisfactory  results  from  these  kiln  runs  indicate  that  the  tomperaturos  of  both  Tables 
1  and  2,  Specification  20500-A,  are  safe,  as  four  of  the  runs  were  made  with  temperatures 
approximately  those  called  for  by  Table  1  or  2,  and  one  run  subjected  the  stock  to  severer 
tomporatures. 

The  consistent  though  slight  inferiority  of  the  high-temperature  run  (107)  to  run  106, 
which  was  made  on  material  from  the  same  trees,  indicates  a  possible  relation  between  strength 
and  temperature  used  in  drying. 

Kun  162,  the  material  in  which  was  Central  American  mahogany,  was  made  with  tem- 
peratures closely  approximating  those  of  Table  1,  but  the  relative  humidities  were  not  permitted 
to  drop  below  60  per  cent.  This  run  produced  material  which  was  in  excellent  condition  for 
propeller  stock  and  which  was  slightly  better  in  improvement  of  strength  properties  than 
material  from  the  same  shipment  dried  in  run  161 .  While  no  run  was  made  on  African  mahogany 
using  conditions  similar  to  run  162,  it  is  believed,  since  the  two  woods  are  seemingly  closely 
related  in  physical  properties,  that  such  a  run  would  produce  practically  the  same  results. 
Special  tests  taken  on  this  run  showed  oven  cross-sectional  drying  and  very  slight  caseharden- 
ing. These  results  indicate  that  the  condition  under  which  the  material  in  run  162  was  dried 
is  very  satisfactory  for  drying  propeller  stock. 

RECOMMENDATIONS. 

It  is  recommended  that  in  drying  Central  American  and  African  mahoganies,  tho  tempera- 
tures of  Table  1  of  Specification  20500-A  be  used,  but  that  the  rolative  humidity  be  not  allowed 
to  drop  bolow  60  per  cent  at  any  time  during  the  run. 

BLACK  WALNUT. 

In  order  to  develop  a  process  of  kiln  drying  black  walnut  satisf  actorily,  two  kiln  runs  were 
made,  one  in  accordance  with  Table  1  and  the  other  in  accordance  with  Table  2  of  Specifica- 
tion 20500-A. 

The  Table  1  run  consisted  of  1-inch  and  tho  Table  2  of  both  1  and  2  inch  stock. 

The  Tablo  2  run  was  controlled  by  both  1  and  2  inch  samples,  which  delayed  the  drying 
process  slightly  as  the  2-inch  material  dried  very  slowly.  The  2-ineh  samples  were  discarded 
from  calculations  during  tho  last  stages  of  the  run  and  conditions  better  adapted  to  1-inch 
stock  were  secured.  Tho  matorial  was  steamed  at  120°  F.  for  six  hours  at  the  beginning  and  for 
one  hour  at  150°  F.  at  the  end  of  the  run,  the  latter  to  relieve  casehardening. 
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The  1-inch  material  dried  from  an  average  of  72  to  an  average  of  8  per  cent  in  a  period  of 
38  days,  but  2-inch  material  in  the  same  period  reduced  only  to  18  per  cent  from  54  per  cent. 
The  material  entered  the  kiln  with  end  and  heart  checks,  heart  rot,  and  springing,  and  eame  out 
with  an  average  degrade  of  about  7  per  cent  caused  by  springing,  checking,  and  warping. 

The  condition  of  the  second  run  during  the  final  stages  was  slightly  milder  than  required 
by  Table  1  of  Specification  20500-A.  The  material  was  frozen  when  loaded  into  the  kiln  and 
it  was  necessary  to  thaw  it  out,  by  steaming,  before  drying  could  begin.  Toward  the  end  of 
the  run  it  was  necessary  to  steam  the  material  one  hour  at  150°  F.  to  relieve  casehardening. 

At  the  beginning  of  the  run  the  stock  contained  an  average  moisture  content  of  78.6  per 
cent,  which  was  reduced  to  7.7  per  cent  in  31  days.  It  left  the  kiln  in  good  condition,  showing 
a  visible  degrade  of  about  2i  per  cent  caused  by  end  checking. 

CONCLUSIONS. 

The  improvement  ratios  show  that,  with  exception  of  drop  in  impact  bending,  both  kiln 
runs  produced  greater  improvement  in  strength  properties  than  resulted  in  the  case  of  the 
previously  air-dried  material,  and  in  all  probability  as  good  results  as  would  have  been  obtained 
by  air  drying  the  same  material.  As  both  runs  follow  closely  Tables  1  and  2  of  the  specification, 
it  follows  that  cither  of  these  tables  can  be  expected  to  give  satisfactory  results  when  used  for 
drying  1-inch  black  walnut.  The  strength  data  give  no  basis  for  a  choice  between  the  two  kiln 
runs. 

RECOMMENDATIONS. 

The  work  so  far  done  gives,  of  course,  no  basis  for  judging  the  effect  of  conditions  more 
severe  than  Table  1.  Until  the  effect  of  more  severe  conditions  can  be  ascertained,  it  is  recom- 
mended that  Table  1  of  Specification  20500-A  be  used  for  drying  black  walnut. 

SUGAR  MAPLE. 

Seven  experimental  kiln  runs  in  the  drying  of  sugar  maple  have  been  made,  but  only  the  first 
three,  132,  133,  and  134,  have  reached  a  stage  where  discussion  and  analysis  are  possible  and 
figures  are  available. 

The  first  run  (132)  was  on  1-inch  material  only;  the  last  two  runs  (133  and  134)  were  on  both 
1-inch  and  2-inch  material.  Run  132  was  made  to  determine  the  effect  of  a  practically  constant 
temperature  of  170°  F.  and  the  same  relative  humidities  as  called  for  by  Table  2  of  Specification 
20500-A;  run  133  was  in  accordance  with  Table  1,  and  run  134  was  in  accordance  with  Table  2 
of  this  specification.  Runs  133  and  134  were  both  steamed  near  the  end  of  the  run  to  relieve 
casehardening.    No  steaming  was  necessary  on  run  132. 

The  high-temperature  run  (132)  was  made  in  the  least  time,  requiring  12  days,  but  had  the 
smallest  difference  between  initial  and  final  moisture  contents,  the  initial  moisture  content 
being  48  and  the  final  8  per  cent.  This  run  had  the  largest  average  degrade— about  15  per  cent. 
The  degrade  was  due  chiefly  to  warping,  with  some  springing  and  twisting.  Slight  casehardening 
was  evident  on  resawing. 

The  Table  1  run  (133)  required  23  days,  practically  twice  the  time  of  the  previous  run,  but 
reduced  the  average  moisture  content  from  56  to  5.8  per  cent,  with  an  average  degrade  of  11 
per  cent  due  to  cupping,  warping,  and  springing,  the  greater  portion  being  due  to  cupping.  Very 
little  casehardening  developed  on  resawing. 

Kiln  run  134  required  29  days  to  reduce  the  average  moisture  content  from  56  to.  7.5  per 
cent,  but  had  the  smallest  degrade  of  any  run- — about  8  per  cent,  due  to  cupping  and  warping. 
The  material  showed  very  slight  reverse  casehardening  on  being  resawed. 

RESULTS. 

There  is  no  marked  or  consistent  difference  in  the  mechanical  results  of  the  three  runs. 
The  kiln-dried  material  showed  improvement  over  matched  green  material  equal  or  superior  to 
that  previously  obtained  by  ah-  drying. 
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CONCLUSIONS. 

Absolutely  definite  conclusions  can  not  be  reached  until  tests  on  corresponding  air-dried 
material  have  been  made;  but  the  data  warrant  the  conclusions: 

1.  That  kiln  drying  can  be  carried  on  without  injury  of  material,  and  probably  with  better 
results  than  can  be  obtained  by  air  drying. 

2.  That  there  are  no  consistent  differences  in  the  effects  of  the  three  runs.  This  indicates 
that  a  considerable  range  of  temperature  can  be  employed  with  little,  if  any,  difference  in  the 
effect  on  the  mechanical  properties. 

KECOM  M  END  ATIONS. 

Until  the  above  conclusion  (No.  2)  has  been  checked  by  tests  on  corresponding  air-dried 
material,  and  because  of  the  greater  danger  of  damage  through  accidental  departure  from 
schedules  when  operating  at  higher  temperatures,  it  is  recommended  that  maple  be  dried  by 
schedule  of  Table  1  of  Specification  20500-A. 

YELLOW  BIRCH. 

Five  kiln  runs  have  been  made  on  yellow  birch,  as  follows: 

Run  84  was  on  21-inch  plank,  with  temperatures  130°  F.  initial  to  180°  F.  final,  initial  and 
final  humidities  of  about  77  and  13  per  cent,  respectively.  The  average  moisture  content  was 
reduced  from  60  to  4  per  cent  in  about  31  days.  There  was  evidence  of  casehardening  in  some 
parts  of  the  pile  at  the  end  of  the  run. 

Run  16S  was  on  1-inch  stock.  Temperatures  were  approximately  those  of  Table  1.  Initial 
and  final  humidities  were  about  SO  and  35  per  cent,  respectively.  The  material  was  steamed 
six  times,  at  temperatures  varying  from  150°  to  165°  F.  and  periods  of  one-fourth  to  one  hour, 
for  the  relief  of  casehardening,  which  persistently  developed.  There  was  slight  casehardening 
at  the  end  of  the  run.  Uneven  sawing,  which  prevented  proper  piling  and  weighting  of  the  stock, 
was  chiefly  responsible. for  the  degrade  of  about  10  per  cent.  Moisture  content  was  reduced 
from  64  to  7.6  per  cent  in  16  days. 

Run  169  was  on  1-inch  stock.  Kiln  conditions  were  approximately  those  of  Table  1, 
Specification  20500-A.  Steaming  three  times,  at  160°,  170°,  and  160°  F.  for  three  hours,  two 
hours,  and  two  hours,  respectively,  near  the  end  of  the  run,  left  part  of  the  stock  severely  case- 
hardened  and  part  in  a  condition  of  severely  reversed  casehardening.  Degrade  was  about  the 
same  as  in  run  168  and  due  to  the  same  causes.  Moisture  content  was  reduced  from  58  to  8 
per  cent  in  17  days. 

Run  170  was  on  1-inch  stock,  with  kiln  conditions  approximately  as  prescribed  by  Table  2 
of  Specification  20500-A.  Five  steamings  were  made  at  about  20°  F.  above  the  scheduled  dry- 
ing temperatures.  The  stock  was  practically  free  from  casehardening  at  the  close  of  the  run. 
Degrade  of  about  7.5  per  cent  resulted  from  the  same  causes  as  in  run  168.  Moisture  content 
was  reduced  from  about  65  to  8.2  per  cent  in  31  days. 

Run  203  was  made  on  1-inch  partially  air-dried  stock.  Kiln  conditions  were  approximately 
those  of  Table  1.  Steaming  for  one  hour  at  160°  F.  on  the  eighth  day  and  for  two  hours  at  170° 
F.  on  the  tenth  day  successfully  relieved  the  casehardening  which  had  developed.  The  moisture 
content  was  reduced  from  18.5  to  about  7  per  cent  in  10  days.  There  was  about  5  per  cent 
degrade. 

MECHANICAL  RESULTS. 

Comparisons  by  means  of  improvement  ratios  indicate  that  runs  168,  169,  and  170  pro- 
duced practically  equal  improvement,  and  that  this  improvement  is  equal  to  the  average  of 
two  trees  previously  air  dried,  being  less  than  one  and  greater  than  the  other.  Improvement 
in  run  84  is  less  than  the  minimum  for  the  previously  air-dried  material.  Comparisons  of  run 
203  with  the  others  are  difficult  to  make  because  of  the  partially  air-dried  condition  of  the  stock 
before  it  was  placed  in  the  kiln. 
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CONCLUSION. 

The  kiln  conditions  of  Tables  1  and  2  produced  results  in  the  drying  of  yellow  birch  which 
are  equal  to  those  to  be  expected  from  air  dr37ing. 

It  seems  probable  that  the  one  run  at  temperatures  of  130°  to  180°  F.  has  failed  to  produce 
as  good  results  as  would  have  been  obtained  from  air  drying. 

RECOMMENDATIONS. 

Both  Table  1  and  Table  2  of  Specification  20500-A  are  recommended  as  suitable  for  the 
drying  of  yellow  birch. 

OAK. 

Seven  kiln  runs  were  made  on  oaks,  including  red  and  white  oak  species  from  the  South  and 
white  oak  (presumably  true  white  (Quercus  ulbu))  from  northern  Indiana.  The  testing  work, 
inclusive  of  tests  on  air-dried  material,  has  been  entirely  completed.  The  data,  however,  are 
very  erratic  and  it  is  difficult  to  arrive  at  consistent  conclusions. 

One  run  (A),  at  temperatures  varying  from  150°  to  165°  F.  and  relative  humidities  from 
85  to  60  per  cent,  produced  very  good  results  from  the  strength  standpoint  on  southern  red 
and  white  oak  species,  with  the  exception  of  Spanish  oak.  The  charge  was  steamed  for  one 
hour  and  two  hours  at  temperatures  of  179°  and  170°  F.,  respectively,  to  relievo  casehardening 
strosses.  However,  this  run  resulted  in  a  degrade  of  60  per  cent  as  determined  from  inspection 
before  and  after  kiln  drying.  The  causes  of  degrade  included  severe  casehardening,  warping, 
cupping,  honeycombing,  and  collapse. 

Two  runs  (B  and  C)  on  northern  white  oak  gave  entirely  satisfactory  results  from  the 
strength  standpoint.  Run  B  was  with  temperatures  approximately  as  prescribed  in  Table  2 
of  Specification  20500-A  and  relative  humidities  ranging  between  90  and  70  per  cent.  This  run 
was  steamed  at  135°  F.  for  one  hour  to  relieve  casehardening  stresses.  Run  C  was  at  temperatures 
of  120°  F.  initial  and  140°  F.  final,  with  relative  humidities  about  90  initial  and  50  final.  It  was 
necessary  to  steam  this  material  three  times,  at  temperatures  from  160°  to  164°  F.,  for  a  total  of 
two  and  one-half  hours,  to  relieve  casehardening  stresses  at  the  end  of  the  run.  Both  gave 
results  fully  equal  to  air  dry,  with  the  lower  temperature  run  (B)  slightly  the  better.  Material 
in  both  cases  came  from  the  kiln  in  excellent  condition,  there  being  less  than  1  per  cent  degrade 
in  run  B  and  less  than  1 \  per  cent  in  run  C. 

In  another  run (D),  with  temperatures  90°  F.  initial  to  about  125°  F.  final  and  humidities  rang- 
ing from  saturation  down  to  40  per  cent,  northern  white  oak  came  from  the  kiln  with  about  1 
per  cent  degrade,  resulting  from  springing  and  warping.  At  the  close  of  the  run  the  charge 
was  steamed  seven  hours  at  155° F.  to  relieve  the  casehardening  stresses.  Strength  tests  indicated 
that  this  material  was  slightly  deficient  in  strength  properties  as  compared  to  matched  air- 
dried  material. 

Still  another  run  (E),  with  initial  temperature  of  about  100°  F.  to  final  130°  F.  and  humidities 
ranging  from  saturation  to  about  45  per  cent,  resulted  in  about  7^  per  cent  degrade.  The  mate- 
rial was  steamed  twice  at  185°  and  170°  F.  to  kill  mold  and  mildew.  A  final  steaming  at  180°  F. 
was  to  relieve  casehardening  strosses.  This  run,  however,  included  southern  red  oak  and  both 
northern  and  southern  white  oaks,  and  while  the  different  species  were  not  separately  graded, 
it  was  observed  that  the  degrade  was  more  serious  in  the  red  than  in  the  while  oak.  The  northern 
white  oak  from  this  run  was  also  slightly  deficient  in  strength  properties  as  compared  to  matched 
air-dried  stock. 

Southern  white  oak  was  included  in  runs  A  and  E,  as  above  described.  Run  A  produced 
quite  satisfactory  results  from  the  strength  standpoint,  while  run  E  resulted  in  a  considerable 
loss  of  strength  as  compared  to  air-dried  material. 

Two  additional  runs.  F  and  G,  included  southern  white  oak.  Run  F  was  made  with  tem- 
peratures of  105°  F.  initial  and  about  135°  F.  final  and  relative  humidities  85  initial  to  about  40 
per  cent  final — approximately  the  condition  of  Table  2.  Run  G  was  with  temperatures  of  120°  F. 
initial  to  about  140°  F.  final  and  with  humidities  as  in  F.    These  runs  included  also  southern  red 
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oak  species.  Run  F  was  steamed  three  times  for  periods  of  one  hour  each,  at  155°  F.,  to  relieve 
casehardening  stresses.  The  degrade  in  run  F  was  12  per  cent,  from  warping,  springing,  and 
cupping;  while  G  resulted  in  50  per  cent  degrade  from  springing,  warping,  cupping,  checking, 
twisting,  collapse,  honeycombing,  and  casehardening.  Run  G  was  steamed  on  three  occasions 
for  periods  of  one-half  hour,  at  temperatures  of  150°  to  170°  F.,  to  relieve  casehardening  stresses. 
Run  F  gave  quite  satisfactory  results  from  the  strength  standpoint,  while  in  G  the  results  were 
unsatisfactory,  there  being  a  loss  of  25  to  30  per  cent  in  modulus  of  rupture,  work  to  maximum 
load,  and  height  of  drop  in  impact.  Exclusive  of  Spanish  oak,  the  results  from  the  strength 
standpoint  were  as  follows: 

Southern  red  oaks,  including  Spanish  oak,  were  dried  in  runs  A,  E,  F,  and  G.  Run  F  pro- 
duced approximately  as  good  material  as  air  dry,  run  G  material  considerably  inferior  to  air  dry, 
and  run  E,  as  indicated  by  maximum  drop  in  impact  and  maximum  crushing  strength  in  com- 
pression parallel  (there  being  no  static  bending  tests),  material  very  much  inferior  to  matched 
air-dried  stock. 

None  of  these  runs  (A,  E,  F,  and  G)  gave  satisfactory  results  from  the  strength  stand- 
point on  Spanish  oak.  Runs  F  and  G  resulted  in  losses  in  all  strength  properties,  with  F  possibby 
slightly  superior  to  G.  Run  A  gave  results  somewhat  superior  to  either  F  or  G,  while  the  results 
in  E  wore  inferior  to  either  F'or  G. 

From  the  results  as  presented  above  it  is  concluded:  (1)  That  under  the  same  kiln  conditions 
northern  white  oak  can  be  expected  to  dry  with  smaller  losses,  both  from  the  strength  standpoint 
and  the  standpoint  of  degrade  in  appearance,  than  southern  oaks,  either  red  or  white;  (2) 
that  of  the  southern  oaks  the  red  oak  species  require  more  care  than  the  white  oak  species;  (3) 
that  Spanish  oak  is  considerably  more  liable  to  damage  of  strength  properities  in  kiln  drying 
than  the  other  red  oak  species  from  the  southern  region;  (4)  that,  in  general,  the  northern  oaks 
are  more  easily  kiln  dried  than  the  southern. 

It  is  evident  from  experience  in  these  runs,  and  the  conclusion  is  borne  out  by  experience 
in  drying  oak  on  a  commercial  scale,  that  the  maintenance  of  suitable  kiln  conditions  requires 
more  care  in  the  case  of  oaks  than  in  other  species  or  groups  of  species.  Oak  has  been  found  in 
all  experimentation  with  it,  as  well  as  in  its  utilization,  to  be  more  variable  than  other  species.  To 
attempt  to  specify  beforehand  exactly  what  kiln  condition  should  be  used  seems  unwise.  The 
results  of  these  kiln-drying  and  strength  tests  indicate  that  the  temperatures  of  Table  1  of  Speci- 
fication 20500-A  are  probably  the  maximum  which  are  safe  for  northern  white  oak,  and  likewise 
that  the  temperatures  of  Table  2  should  not  be  exceeded  in  drying  southern  oak,  either  red  or 
white.  In  drying  any  of  the  oaks  very  careful  attention  must  be  given  to  the  condition  of  the 
stock  in  all  parts  of  the  kiln.  Temperatures  ami  humidities  must  be  regulated  not  only  by  the 
moisture  content  of  the  stock  but  also  by  its  condition  with  respect  to  checking,  casehardening, 
the  existence  of  a  difference  in  moisture  content  between  the  outside  and  the  inside  of  the  piece, 
and  the  existence  of  stressed  conditions. 
153215— S.  Doe.  166,  66-2  37 


Page  intentionally  left  blank 


REPORT  No.  69 


A  STUDY  OF  AIRPLANE  RANGES  AND  USEFUL  LOADS 

By  J.  G.  COFFIN 
Director  of  Research,  Curtiss  Engineering  Corporation 


Part    L    NUMERICAL  ANALYSIS 
Part  II.  -THEORETICAL  ANALYSIS 
Part  III.    EFFECT  OF  WIND  ON  RANGE 


539 


Page  intentionally  left  blank 


INTRODUCTION. 

In  airplane  performance  estimates  the  fuel  load  is  given  usually  in  terms  of  a  quantity 
sufficient  for  a  certain  number  of  houre  of  motor  consumption  at  full  throttle.  In  a  weight- 
carrying  machine  more  useful  load  can,  of  course,  be  earned  as  the  fuel  load  required  to  attain 
the  objective  is  diminished. 

It  becomes,  therefore,  of  practical  interest  to  examine  the  relations  between  these  loads 
in  greater  detail  than  usual. 

A  machine  can  fly  high  or  low,  at  maximum  speed  or  at  most  economical  speed,  or  at 
most  economical  power  consumption.  It  is  not  at  all  evident  a  priori  which  of  these  or  what 
combination  of  them  is  best  under  given  conditions.  The  following  study  was  primarily  made 
to  determine  the  conditions  necessar}^  to  attain  a  given  objective  with  the  maximum  bombing 
load  and  return. 

It  is,  of  course,  evident  that  the  calculations  and  theory  as  applied  to  bombing  purposes 
will  apply  equally  well  for  commercial  load  carrying  purposes.  The  results  are  also  directly 
applicable  to  the  interesting  questions  of  long  distance  flights,  across  the  oceans  or  for  pur- 
poses of  exploration. 

The  investigation  was  made  by  two  independent  methods,  one  involving  the  usual  per- 
formance estimate  methods,  the  other  based  upon  theoretical  considerations. 

As  a  specific  example  the  data  on  an  SUO-horsepower,  15, 000-pound  bombing  machine  was 
used,  but  the  method  is  applicable  with  slight  variations  to  any  machine. 
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PART  L 


NUMERICAL  ANALYSIS. 

By  J.  G.  Coffin. 

The  essential  data  for  the  specific  machino  used  in  the  calculations  are  given  in  Table  l< 
Tho  total  wing  and  parasite  resistances  were  computed  for  assumed  total  weights  of  15,000, 
13,000,  1 1,000,  9,000,  and  7,000  pounds  respectively  The  total  resistance  and  required  horse- 
power curves  were  then  plotted  against  speed  in  the  usual  manner.    See  Table  I  and  Fig.  1. 


Table  L — Summary  of  total  resistances  for  a  machine  with  a  variable  load.    Area  of  wing=  1,875  square  feet. 


Weight  and  wing  loading. 

Speed  in 

m.  i\  u. 

Monoplane 
K»X1U'. 

piplano 
Kj=- 
.SSmunoK. 
X10«. 

Monoplane 
K„K„. 

Biplane 
K./K.- 
.s5  mono 

Wing 
resistance 
-\V,rtip. 

(I./D). 

Parasite 
resislanee 
X1.10. 

Total 
resisianeo 
»inc+ 
parasile. 

Required 
horse- 
power. 

Pound* 

Pound*. 

Poun.l*. 

1  70.0 

10.2 

16  3 

16.2 

13.8 

1,000 

609 

1,609 

318 

15.000  pounds  or  8  pounds  per 

Sfi.c 

I  90.11 
100. 0 

11.9 
11. II 
9. 40 

12. 5 
U.9 
8.0 

21  2 
21.7 
19.6 

ls.0 
IS.  4 
13.7 

83J 
814 
890 

73  i 
037 
1,151 

1,569 
1.751 

2.050 

334 
4»1 
547 

1         110.  U 

7.88 

0.0 

16.  S 

14.3 

1,050 

1,400 

2,450 

719 

fifl.O 

22.0 

19.2 

9.3 

7.9 

1,613 

473 

2,118 

339 

7O.0 

16.0 

14.1 

19.  H 

ie.8 

773 

609 

1,382 

251 

13,000  pound"!  or  0.92  pounds  per 

80.0 

12. 7 

10.8 

21.8 

IS.  5 

70? 

735 

1,437 

306 

SO.O 

10.0 

8.55 

20.5 

17.  1 

7  IS 

937 

1,6X6 

404 

MR  11 

8. 15 

0.91 

17.3 

14.7 

8S4 

1,151 

2,035 

543 

110.0 

6.72 

6.71 

15.0 

12.7 

1,02:! 

1,400 

2,422 

710 

GO  0 

19.2 

10.3 

16.2 

13.8 

801 

473 

.  1,270 

261 

70.0 

14.1 

12.0 

21.5 

18.3 

602 

609 

1,211 

226 

11.000  pounds  or  5.80  pounds  per 

80.0 

10. 75 

9. 15 

21  3 

IS.  I 

COS 

735 

1,343 

286 

90. 0 

8.48 

7.23 

IS.  2 

15.5 

•  71? 

937 

1,619 

396 

IOii.O 

6.90 

6.  Ml 

)5. 2 

12.9 

854 

1,151 

2,006 

535 

110.0 

S.70 

4.84 

13.0 

11.1 

996 

1,400 

2,396 

702 

50.0 

22.6 

19.2 

9.2 

7.8 

1,152 

365 

1.517 

202' 

00  0 

15.7  1 

13.3 

20.6 

17.5 

515 

475 

990 

158 

9,000  pounds  or  4. SO  pounds  por 

70  0 

11.5 

9.79 

21.6 

IS.  4 

49) 

609 

1,100 

206 

80.0 

8.82 

7.50 

IS  6 

15.8 

570 

735 

1.305 

278 

00.0 

6.97 

5.92 

15  4 

13.1 

6S6 

937 

1,623 

390 

100.0 

5.611 

4.  SO 

13.0 

11.1 

815 

1,151 

1,966 

5?4 

110.0 

4.CS 

.3.97 

11.2 

9.1 

946 

1,400 

2,346 

889 

42.7 

21.0 

20.4 

6.6 

8.6 

1,250 

270 

1,520 

173 

50.0 

17.(1 

11.9 

18.8 

16.0 

439 

365 

SOI 

107 

00.0 

12  3 

10.4 

21.8 

18.5 

37-* 

475 

853 

136 

7,000  pounds  or  3.74  pounds  per 

70.0 

9.S2 

7.65 

111.  2 

16.3 

429 

609 

1,038 

194 

80.0 

6.S5 

5.84 

15. 1 

12.8 

547 

735 

1.0S2 

274 

90.0 

5.44 

4.  62 

12.5 

10.6 

660 

937 

1,597 

3S3 

100.0 

4.41 

3.7! 

10.6 

9.0 

777 

1,151 

1,928 

Ml 

110.0 

3.64 

3. 09 

8.4 

7.1 

9S1 

1,400 

2,381 

698 

CONDITIONS  FOB  MAXIMUM  RANGE. 

It  is  evident  that  tho  work  required  to  fly  a  given  distance,  being  tho  product  of  the  total 
resistance,  or  required  propeller  thrust,  by  the  distance,  is  least  when  tho  thrust  is  kept  at  its 
minimum  values.  The  points  of  minimum  drag  were,  therefore,  located  on  the  resistance  curves. 
These  points  determined  tho  most  economical  speeds  and  the  corresponding  required  powers. 
The  powers  thus  determined  are  seen  not  to  be  minimum  powers.  The  minimum  powers  are 
but  slightly  less  than  those  corresponding  to  minimum  resistance  and  occur  at  speeds  slightly 
less  than  minimum  resistance  speeds.  The  minimum  power  is  that  for  which  the  fuel  con- 
sumption is  least  for  a  given  time  and  as  it  turns  out,  is  not  the  most  economical  power  for 
flying  the  greatest  distance  The  speed  corresponding  to  minimum  power  is  the  speed  at  which 
\  machine  should  fly  in  order  to  remain  aloft  tho  greatest  possible  time. 
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X  60  TO  80  90  100  //O 

Ve/oc/fy-  m.p./7. 

Fig.  i. 


In  figure  2  the  weight  of  the  machine  is  plotted  against  minimum  resistance.  The  curves 
in  figures  1  and  2  show  that — 

1.  The  maximum  range  speeds  decrease  as  the  load  decreases.  The  plane  must  fly  slower 
and  slower  as  the  load  diminishes. 


moo 

16000 
IWOO 

1  1 

TOTAL  WEIGHT CURVE 
for  15000 Li  domtvr  m 
/able  2 

UOOO 

^ 

tax 

1000 

tooo 

1000 

0       SuV    400    600    dOO    >fOO  /OW  MOO   /6C0  #00  {000 

Tota/  Aes/stonc*  ■  ifa 


Fig.  2. 

2.  The  maximum  range  powers  decrease  as  the  load  decreases. 

3.  These  powers  are  not  minimum  powers  but  are  slightly  greater  and  correspond  to  greater 
?peeds  than  least  power  speeds. 

4.  The  total  air  resistances  decrease  almost  in  exact  proportion  to  the  weight  of  the  plane. 
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FUEL  CONSUMPTION. 

The  fuel  consumption  at  maximum  brako  horsepower  output  is  taken  as  0.0  pound  per 
horsepower  hour,  and  for  any  reasonable  throttled  condition  this  number  is  increased  to  0.7. 

The  available  horsepower  curve  was  obtained  in  the  usual  manner  by  assuming  proper 
propeller  efficiencies  at  slow  and  high  speeds  and  multiplying  theso  into  the  available  brake 
horsepower.  The  fuel  consumption  per  horsepower  delivered  by  the  propeller  can  therefore 
be  computed  by  dividing  the  fuel  consumption  per  brake  horsepower  of  the  motor  by  the 
propeller  efficiency  at  that  speed,  or  what  is  the  same  thing,  multiplying  0.6  by  800  and 
dividing  by  the  available  horsepower  at  that  speed.    As  mentioned  above,  these  results  are 

0  7.,*  „ 
multiplied  hy  q'^  in  order  to  compensate  for  a  slight  loss  of  efficiency  under  throttled  con- 
ditions.   This  nrocedure  corresponds  to  experimental  tests  and  if  an}'thing  probably  over- 
estimates the  fuel  consumption. 

With  these  data  Table  2  and  figure  3  were  made.  The  fuel  consumption  is  seen  to  be 
proportional  to  the  weight. 

Weiohf.  cbj. 


errccror  waanr  var/at/ons  kti  ocmr 

upon  /tie  rue/ Consumption  of 'he  /SOOOib ' 
Bomber.  See  Tablet 

A  -  Ve/oci/y-  consumption. 
B-Wei9tif 


Economico/  ve/oci/y  ofodvonce  ~  m.pJ*. 

Fig.  3. 

Table  2. — Gas  consumption  in  pounds  per  hour  at  the  economical  speed. 


Weight  of 
machine . 

Minimum 

total 
resistance. 

L/D.  or 
weigh  1/ 
tot.  res. 

Correspond- 
ing speed 
in  miles 
per  hour. 

Corresponding 
horsepower. 

Oasoline 
consump- 
tion, 
0.7x«m 

Total 
gosolino 
conswvp- 
Hon  per 

hour. 

Required. 

Available. 

avail.  H.l\ 
in  pounds/ 
per  horse- 
power. 

Pound). 
15,000 

K,  I 

11,000 
9,000 
7,000 

Pounds. 
1,560 
1,372 
1, 195 
992 
795 

9.62 
9.47 
9.22 
9.08 
8.82 

77.5 
72.5 
66.7 
.  59.6 
52.5 

320 
265 
212 
159 
107 

603 
583 
555 
517 
472 

0.927 
.960 
1.009 
1.082 
L  187 

Pounds. 
296 
254 
214 
172 
127 

Table  2a. — Gas  consumption  in  pounds  per  hour  at  the  maximum  speed. 

Weight  ol 
machine. 

Minimum 

total 
resistance. 

L/D.  or 
weigh!/ 
tot.  res. 

'orrespond- 
ing  speed 
in  miles 
per  hour. 

Corresponding 
horsepower. 

G  i<  oline 

oonfttm  p- 
tion, 

n.6XSIK> 

Total 
gasolino 
consump- 
tion por 
hour. 

Required. 

Available. 

iv.ii.H.P. 
in  pounds/ 
per  !i 
power. 

Poundn. 
15,000 
13,000 
11,000 
9,000 
7,000 

Pounds. 
2,265 
2,260 
2,245 
2,225 
2,225 

6.53 
5.75 
4.91 
4.05 
3.15 

105.4 
105.9 
106.3 
106.8 
106.8 

636.0 
635.5 
635.0 
534.9 
634.8 

636.0 
635.5 
635.0 
634.9 
634.9 

0.755 
.755 
.756 
.756 
.756 

Pounds. 
480 
480 
480 
480 
480 
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Figure  4  shows  u  curve  giving  tho  relation  between  the  weight  at  any  time  ami  the  corre- 
sponding distance  flown.  Starting  with  a  full  fuel  load  of  7,870  pounds,  giving  a  total  weight 
of  15,000  pounds,  tho  machine  was  assumed  to  travel  for  a  given  timo  interval  (two  hours) 
at  tho  weight,  speed,  gas  consumption,  and  thrust  corresponding  to  that  weight.  During  the 
noxt^two  hours  it'was  assumed  to  fly  at  new  values  corresponding  to  the  now  weight  which 
is  equal  to  the  old  weight  less  the  fuel  consumed  in  the  preceding  time  interval,  and  so  on. 


"O    200  400   600   800  1000  I2W  HOO  1500  IS0O  mOO  2200  #00 
Distance-  mi/es 

Fig.  4. 

r  mile  2b. — Ratios  of  L/D  and  angles  of  incidence  for  maximum  range 
MAXIMUM  RANGE  SPEEDS. 


Losing 
pds./sq.  ft. 

Biplane 
L/D. 

Velocity, 
miles  |h  r 
hour. 

Biplane, 

KyXlO'. 

Monoplane , 
KVX10". 

Aneje  of 
lneidonce 
degrees. 

8.00 
6.92 
5.86 
4.80 
3.74 

15.55 
15.63 
15.63 
15.38 
15.30 

77.5 
72.5 
66.7 
59.6 
52.5 

13.3 
13.2 
13. 15 
13.5 
13.55 

15.65 
15.55 
15.50 
15.90 
15.95 

5.3 

5.2 

5.2 

5.45 

5.5 

man  speed. 

Leadinc 
[Mis.  sq.  It. 

Biplane 
WD. 

Velocity, 
miles  pir 
hour. 

Biplane, 
KyxW. 

Monoplane, 
KyXlO'. 

Anile  of 
Incidence 
degrees. 

8.00 
6.92 
5. 85 
4.83 
3.74 

14. 45 
13.17 
11.65 
10.03 
3.06 

105.4 
105.9 
100.3 
106.8 
100.8 

7.15 
6.18 
6. 17 
4.21 
3.28 

Ml 

7.27 
6.07 
4.95 
3.86 

1.75 
1.25 
0.7 
.2 
-.33 
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TaBLS  A.  -Time-weight  variation  cumpututwn  for  tpeeils 
MAXIMUM  JtANGE. 


I  111  1  1  1 
MUM: 

Velocity, 
in  miles 
per  hour. 

« 

Gasoline 

Distance,  miles. 

11 

Gasoline 

wcK'ht 

Thrusi 

eonsu ined. 

consumed 

1  line  lu 

of  machine 

in  pounds. 

pounds  pel 

in  interval . 

hours. 

in  pounds. 

hour. 

s-vt. 

Total. 

Pounds'. 

— — — 
15,000 

.1,500 

77.5 

297 

155.0 

155 

594 

2 

14,406 

1,51X1 

76.3 

286 

152.6 

307.6 

572 

4 

13  834 

I  450 

74.9 

273 

149. 8           457. 4 

•no 

■ 

13^288 

l',4(ti 

73!  3 

261 

140.6 

604.0 

522 

8 

12,766 

1,355 

71.3 

250 

142.6 

746.6 

300 

10 

12,266 

1,305 

70.5 

240 

141.0 

887.6 

480 

11,786 

1,265 

69.0 

230 

138.0 

1,025.6 

460 

11 

11,326 

1,225 

67.5 

220 

135.0 

1, 160.  6 

440 

if 

10,886 

1,185 

66.2 

210 

132.4 

1, 293. 0 

120 

18 

10,466 

1,145 

64.7 

201 

129.4 

1, 422.  4 

102 

20 

10,064 

1,110 

63.5 

193 

127.0 

1,549.4 

385 

22 

9,678 

l.OCS 

62.2 

184 

124.4 

1,673.8 

368 

24 

11,310 

1,030 

81.0 

177 

122.0 

1,  795.  8 

354 

J6 

8,956 

995 

59.7 

169 

119.4 

1,915.2 

•  338 

28 

8,618 

965 

08.6 

162 

117.2 

2,032.4 

324 

30 

8,294 

930 

57.4 

155 

114.8 

2, 147.  2 

tin 

32 

7,984 

900 

56.3 

148 

112.6 

'.  259.  S 

296 

7,688 

872 

55.  I 

142 

110.2 

2,370.0 

284 

£ 

7,404 

840 

54.1 

136 

108.2 

2,478.2 

272 

38 

7,132 

81S 

53.3 

132 

106.6 

2,584.8 

264 

40 

The  maximum  possible  range  is  seen  to  be  2,480  miles  under  these  conditions. 

DETERMINATION  OF  THE  MAXIMUM  LOAD  FOR  A  GIVEN  OBJECTIVE. 

Evidently  in  case  a  return  trip  is  to  be  made  without  refueling  the  greatest  distance  for 
an  objective  is  equal  to  or  less  than  half  this  greatest  range,  ft  is  easy  to  determine  the  greatest 
possible  useful  load  by  means  of  the  weight-distance  curve,  figure  5,  in  the  following  way. 


6000 


600 


Kanrjf  in  milt- 


/#J0 


e40<0 


Fig.  5. 


Suppose  the  objective  is  600  miles  distant.  It  requires  AB-CD  pounds  of  fuel  to  get 
there  and  GF  pounds  to  get  back  after  the  load  is  deposited.  Since  the  maximum  load  is  AB 
pounds  there  will  be  left  DE  or  D'E'  pounds  for  useful  load.  Calling  the  maximum  range  S, 
project  the  points  on  the  curve  for  s  =  600,  point  D,  and  s  =  S  — 600,  point  F,  on  the  weight 
axis,  the  weight  included  between  these  two  points  is  the  maximum  load  for  that  objective. 
This  procedure  is  quite  general.  The  load  decreases  to  zero  as  the  objective  distance  increases 
to  half  the  maximum  range  and  increases  to  the  maximum  load  as  the  objective  distance 
decreases  to  zero. 
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A  curve  (fig.  6)  was  determined  by  this  method  for  this  machine  which  gives  directly  the 
maximum  useful  load  for  any  objective.  This  curve  turns  out  to  be  practically  a  straight  line. 
A  proof  that  it  should  be  very  approximately  straight  is  given  in  Part  II. 
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1 

KM 

110A0CURVC 

\ 

deduced  trxyn 
Weight- Oiitonce Currv Ft$4 
A  straight /me  between  'AondB. 
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tian  Ma  or*  ihaist/nauishaS/e 

sm 

\ 

jm 

MM 
1000 

-4- 

0 

V  4 

V  * 

v       m      wo  im 

Fig.  6. 

CONSEQUENCES  OF  FLYING  AT  MAXIMUM  SPEED. 

In  Table  2a  the  results  for  flight  at  maximum  speed  are  tabulated.  The  gas  consumption 
is  constant  and  the  speed  of  advance  was  found  to  be  constant  to  within  about  1  per  cent.  The 
average  value,  106.2  miles  per  hour  was,  therefore,  used  in  the  computations. 

The  weight-distance  curve  (fig.  4)  is  a  straight  line,  as  the  fuel  consumption  and  speed  are 
very  approximately  constant. 

The  maximum  range  is  considerably  less  than  under  greatest  range  conditions.  The  dif- 
ference is  740  miles.  A  considerable  gain  in  range  is  thus  attained  by  flying  at  the  proper 
angle  and  hence  at  proper  speed. 

The  useful  loads  for  maximum  speed  are  considerably  less  than  under  best  range  condi- 
tions. For  an  objective  600  miles  away  the  best  conditions  give  a  possible  load  of  4,050  pounds 
while  at  maximum  speed  this  is  reduced  to  2,430  pounds,  a  reduction  of  1,620  pounds. 

For  convenience,  a  comparison  of  the  loads  and  ranges  corresponding  to  them  is  made 
in  the  following  tables: 

Table  4. 


Hours  of 
fuel  full 

Bombing 
load  in 

Range  at  maximum 
speed. 

Range  at  best  speed. 

Difference  in  miles. 

open. 

pounds. 

Total. 

Objective. 

Total. 

Objective. 

Total. 

Objective. 

10 

7J 
4 

3,070 
4,270 
5,950 

1,060 
790 
420 

530 
395 
210 

1,510 
1,130 
610 

755 
565 
305 

450 
340 
190 

225 
170 
95 

Table  5. 


Hours  of 
fuo!  full 
open. 

Range. 

Bombing. 

load 
maximum 
speed. 

Bombing 
load 
best 
speed. 

Diflerenco 
in  pounds. 

Total. 

Objective. 

10 
71 
4 

1,510 
1,130 
610 

755 
565 
305 

1,030 
2,738 
5,090 

3,070 
4,270 
5,950 

2,040 
1,532 
860 
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For  the  shorter  flights  the  differences  decrease  but  they  are  considerable  in  all  cases.  The 
bombing  load  is  increased  by  almost  190  per  cent  for  maximum  range  speeds  over  maximum 
speed  conditions  for  10  hours  fuel. 

FLYING  AT  MINIMUM  POWER. 

The  gas  consumption  at  minimum  power  is  practically  identical  with  that  at  best  range 
power.  While  the  minimum  power  is  slightly  less  than  the  power  for  best  range  speed,  the 
speed  is  also  less  and  the  propeller  efficiency  is  also  slightly  less.  The  net  result  is  that  the  time 
of  flight  is  about  the  same  and  the  maximum  range  is  diminished. 

A  calculation  of  the  range  at  minimum  power  gives  2,400  miles  instead  of  2,480  miles. 

For  flight  at  minimum  power  the  angle  of  attack  is  practically  constant  and  slightly  greater 
than  that  for  best  range  speed. 

TIME  REQUIRED  FOR  ANY  RANGE. 

For  convenience,  the  curves  of  elapsed  time  for  any  distance  flown  are  given  in  figure  4 
for  both  best  range  speeds  and  maximum  speed  conditions.  By  means  of  them  the  time  of 
going  and  returning  from  any  given  objective  may  be  read  off.  In  particular  it  is  seen  that 
the  maximum  time  of  flight  under  high  speed  is  16.4  hours  as  against  38.0  hours  for  best  range 
speed. 

For  a  bombing  raid  on  an  objective  at  600  miles,  the  total  elapsed  time  to  go  and  return 
is  for  maximum  speed  11.25  hours  and  for  best  range  speed  18.65  hours.  It  will  be  seen  in  the 
following  how  this  time  difference  may  be  decreased  by  flying  at  high  altitudes  without  chang- 
ing the  efficiency  for  best  range  conditions. 
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THEORETICAL  ANALYSIS. 

By  J.  G.  Coffin. 


THEORY  OF  MAXIMUM  RANGE  CONDITIONS 

Notation: 

W  =  weight  of  machine  at  any  time. 

Wr  =  weight  of  machine  fully  loaded  with  fuel. 

We  =  weight  of  machine  empty  of  fuel. 

T   =  thrust  of  propeller. 

n     =  efficiency  of  propeller. 

A    =  supporting  wing  area. 

V    =  speed  of  flight. 

L    =  lift  per  unit  wing  area  per  unit  speed  at  ground  level. 
D   =  drift  per  unit  wing  area  under  same  conditions. 

R   =  parasite  resistance  per  unit  wing  area  under  same  conditions  and  is  assumed 
constant. 

L  and  D  depend  oidy  on  the  dying  angle  of  attack. 
S     =  distance  traversed  in  time  t. 
S     -  range. 

y    —  /  «■  ratio  of  the  density  of  the  air  at  height  h  to  its  density  at  ground  level. 
/  Po 

c     —  pounds  of  fuel  (gas  and  oil)  per  brake  horsepower  hour  consumed  by  motors. 

a  =  ^  =  pounds  of  fuel  per  useful  horsepower  hour  delivered  by  propeller. 

The  lift  coefficient  Ky,  as  usually  given,  is  proportional  to  the  density,  and  we  may,  therefor, 
write 

Ky  =  kyP  =  (kyP0)P/     =  1/y 

/  Po 

where  L  is  the  value  of  Ky  at  ground  level. 

The  fundamental  equations  for  horizontal  flight  of  the  airplane  are 

W  =  L7AVJ  (1) 

L  =  D7AVJ  +  R7AV2=(D  +  R)7AVJ  (2) 

CONDITION  FOR  MINIMUM  WORK. 

The  work  done  in  Hying  a  distance  <//  against  a  total  drag  T  is  Tdl.  The  total  work  done 
in  (lying  a  given  distance  s  is,  therefore. 

Work  -  J*'  'IV// 

This  work  integral  is  evidently  a  minimum  if  T  is  always  at  its  least  possible  value 
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From  equations  (1)  and  (2)  we  get  by  division 

t=w(dJ;r)  (8) 

This  equation  shows,  since  y  has  disappeared,  that  for  a  constant  angle  of  attack  and  given 
weight  the  thrust  is  independent  of  the  height  at  which  the  flight  takes  place,  and  also  that  for 
a  constant  angle  of  attack  the  thrust  is  proportional  to  the  total  weight. 

It  is  for  the  first  reason  that  no  mention  of  altitude  was  made  in  Part  I.  The  second 
statement  is  verified  in  figure  2,  which  plainly  shows  very  approximate  proportionality  at  all 
actual  flying  speeds. 

It  is  convenient  to  employ  the  polar  diagram  in  the  following:  This  kind  of  diagram 
deserves  greater  popularit}-  than  it  has  yet  received  in  aeronautical  calculations  in  the  United 
States.  It  consists  in  plotting  L  as  ordinates  against  D  as  abscissae.  Any  point  M  on  the 
curve  corresponds  to  a  given  L  and  D  and  hence  to  a  given  angle  of  attack.  This  angle  of 
attack  is  marked  on  the  curve. 


Lay  off  from  O  the  distance  OQ  equal  to  R. 

Then  for  any  point  M,  OB  =  D,  MB  =  L,  and  OQ  =  R. 

The  slope  of  the  line  QM=^^  =  tan  a 

Consider  equation  (3).  For  a  given  weight  and  variable  values  of  L  ai  i  D,  that  is,  for 
variable  angles  of  attack,  let  us  find  the  condition  for  minimum  thrust. 

dT_Q_L(3D)-(D+R)dL 

As  L  can  not  be  infinite,  the  condition  is 

JL_  L 

<ZD~D  +  R  W 
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That  is  to  say,  for  minimum  thrust  the  tangent  to  the  polar  curve  must  have  a  value  jyqrj^- 

Looking  at  the  polar  diagram  it  is  seen  that  the  line  QM,  tangent  at  M\  fulfills  this  condition 
and  corresponds  to  a  given  angle  of  attack  iv  Since  the  polar  is  a  given  curve  for  the  machine,  it 
follows  that 

(a)  for  minimum  thrust  the  machine  must  fly  at  a  constant  angle  of  incidence  through- 

out the  whole  flight  whatever  the  loading  may  be,  and 

(b)  that  these  minimum  thrusts  are  independent  of  altitude  of  flight. 

In  Part  I,  Table  2b,  the  angles  of  incidence  corresponding  to  the  least  drag  have  been 
tabulated.  They  are  remarkably  constant,  their  average  deviation  from  the  mean  5.33°  being 
only  0.12°  and  the  greatest  difference  0.3°. 

For  best  range  speeds,  then,  it  follows  that 

W  =  C,7 V2  where  0, = LA  (5) 

and 

T  =  C27 V2  where  Ct  =  (D  +  R)  A  (6) 
where  Ct  and  C2  are  constants  for  flight  at  any  constant  angle  of  incidence.  In  particular  for 
maximum  range  conditions  they  have  the  values  corresponding  to  the  maximum  value  of  jy^rg 
for  the  machine. 

Let  us  suppose  that  the  machine  loses  weight  gradually  due  to  fuel  consumption  alone. 
If  the  weight-distance  curve  can  be  deduced,  the  problem  of  bombing  loads  and  ranges  is 
solved,  as  explained  in  Part  I. 

DEDUCTION  OF  THE  WEIGHT-TIME  EQUATION. 

Assume  that  the  range  of  speeds  is  such  that  the  engine  runs  at  constant  efficiency,  burning 
"a"  pounds  of  fuel  per  horsepower  hour  delivered  by  the  propeller.  If  c  =  pounds  of  fuel 
consumed  per  brake  horsepower  hour  and  the  propeller  efficiency  is  denoted  b)^  rj,  then  the 

•       (     ,  0  .... 

fuel  consumed  per  horsepower  hour  delivered  by  the  propeller  is  given  by  a  =  - 
The  power  at  any  speed  is 

/  W  V/2     1  C 

TV  =  C27V2.V  =  C27(C^)   =V-^W3/>  (7) 

The  rate  of  fuel  consumption  is  aTV  and  in  time  dt  a  weight  aTVdt  of  fuel  will  be  con- 
sumed, hence 

oT Vdt  -  4= .  .f§k  Whdt  -  -  dW  (8) 

where  —  dW  is  the  loss  of  weight  of  the  plane  in  time  dt. 

The  weight  of  the  plane  at  any  time  t  is  therefore,  if       is  the  weight  full, 

Equation  (8)  is  a  differential  equation  for  W  at  any  time,  and  may  be  written 

A       -4=  3rdt=-Kdl  (10) 


W3/2  -y/y  Ct3/2 

153215— S.  Doc.  166,  66-2  38 
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Solving  and  determining  the  constant  of  integration  by  the  condition  that  when  2  =  0, 
W  =  Wf ,  we  get 

^J2t  +  Wr  (12) 

This  equation  is  the  desired  relation  between  W  and  t  and  shows  how  the  load  diminishes  as  i 
increases.    Since  K  contains  7,  the  rate  of  diminution  of  load  depends  upon  the  altitude. 

Tlxe  time  of  maximum  flight  can  be  obtained  by  letting  W,  decrease  to  W0  the  weight  of 
the  empt3*  machine. 

■  ' -:,t    M*  i™x=Kw~Wf)  a?) 

This  maximum  time  of  flight  computed  with  equation  (13),  using  1.03  pounds  per  horse- 
power hour  as  the  average  fuel  consumption,  gives  a  value  of  fmax  =  38.3  hours,  as  compared 
with  <mai  =  38.0  hours  as  taken  from  the  time-weight  curve  in  figure  4.  The  two  methods  again 
check  very  well.    The  formula  arranged  to  give  the  time  in  hours  is,  for  low  levels, 


t  (hours)  =  10550 


(- 


W,s  ' 


WWe*  VW, 

This  time  of  flight  diminishes  proportional!}'  to  -y/y. 

DEDUCTION  OF  THE  DISTANCE-TIME  EQUATION. 

The  distance  traversed  in  time  dt  is,  using  (5). 


ds=Vdt 


so  that  in  time  t 


which  becomes,  using  (12), 


0 

Integrating  and  determining  the  constant  by  the  condition  that  when  <  =  0,  s=0,  we  get 

This  equation  is  the  desired  relation  between  the  distance  flown  and  the  time.  The  distance 
increases  with  the  time  and  depends  upon  the  altitude  of  flight.    For  a  given  time  interval  the 

distance  flown  increases  proportionally  to  -J=- 

Vt 

determination  of  the  weight-distance  equation. 

Eliminate  t  between  equations  (12)  and  (14): 

1 

2     1    ,      VW        1      ,  W, 
S  =  KV^l0g  X  =  KV5-y  l0g  W  (15) 

Vw, 
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where 

4    =  VtC^==Cjl  =  i  h 


KVC.7  aC2   a    D  +  R  (16) 


So  that  finally 

"'a  ■  I)   i;  ■  '"■  w 

Or.  more  specifically  in  terms  of  c  and  n, 


1       L      i  W/ 


s  =  c  D  +  R    lo^  W  (17> 
This  equation  is  true  for  any  condition  of  flight  at  constant  angle  of  incidence,  where  the  ratio 
remains  constant.    For  maximum  range  the  maximum  value  of  f^rs  is  of  course  used. 


]  )  _j_      inuiuuo  wiiaiam.      x1  ui  uuuujutuii  ituigu  tuu  '?  "Mill  viwuu  ui  -yy  -|-J^ 

This  equation  shows  that  as  W  diminishes  s  increases,  and  that  the  distance  flown  is  independent 
of  the  flying  altitude,  since  7  has  disappeared. 

The  maximum  range  S  can  he  obtained  by  finding  the  value  of  s  for  W  =  We. 

Assume  W/=  15,000  pounds. 
We=  7,130  pounds. 

Max-(D-TR)=9-2 

S  =  2,480  miles. 
We  obtain  for  "a"  a  value  of  1.03  pounds  per  horsepower  hour. 

This  value  checks  very  well  with  a  =1.033  pounds  per  horsepower  hour,  the  average  value 
used  in  the  preceding  greatest  range  calculations,  in  P  art  I. This  check  is  very  satisfactory  and 
(  shows  that  the  two  methods  are  in  good  agreement. 

EQUATION  CONNECTING  USEFUL  LOAD  AND  OBJECTIVE  DISTANCE. 

If  we  let  6=^  D~^TR  equation  17  becomes 

5  =  6  log  ^ 

and  hence 

W  =  Wfe-"6  (18) 

Considering  Fig.  5  it  is  easy  to  see  that  the  load  B  for  any  given  objective  at  distance  s  is 
evidently,  if  S  =  max.  range 

B  =  Ws  -  Ws_,  =  Wf  (e-'l"  -  e-(«-)/»)  (19) 
and  since  We  =  Wfe~s/6  this  becomes 

B  =  Wse-»ib-Wee>ib  (20) 

We  can  thus  compute  the  useful  load  for  any  objective.  If  the  weight  distance  curve  is 
plotted,  however,  it  seems  easier  to  plot  the  curve  represented  by  (20)  by  the  method  explained 
above. 
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PROOF  THAT  LOAD-OBJECTIVE  CURVE  IS  STRAIGHT. 

Tn  Part  I  the  curve  between  useful  load  and  distance  to  objective  (Fig  6)  was  very  approxi- 
mately a  straight  line.    The  equation  for  this  curve  is 

B  =  Wf  (e-"b  -  e-t8-")/".)  (19) 

where  S  is  the  maximum  range,  and  s/b  is  a  quantity  which  is  smaller  than  unity  and  generally 
less  than  J. 

This  is  not  the  equation  of  a  straight  line  but  turns  out  to  be  very  closely  straight  as  seen 
by  the  following: 

g 

Let  s  =  g,  x,      for  the  moment. 


Expanding  the  exponentials  and  neglecting  allies  and  higher  powers  of  x,  we  have 
e-x  _  e-(Il-I)    i  _  a+f^ri  -  fo,    SB)  +  &^$-\ 

=  (2— as^f  — *+^M  a  linear  relation. 


The  second  powers  have  completely  canceled. 
Therefore 


When 

S 

s  =  2 

When 


B-^-i)(-<+i) 


B  =  o 


But 


Wr- W.- W,(l  -  w,(i-  (*-f) 


so  that  the  straight  line  (20)  passes  through  A  and  B  as  it  should. 

The  curve  then  is  a  straight  line  to  a  high  approximation  and  can  always  be  taken  as  Bach. 

EFFECT  OF  CLIMB  AT  START  AND  GLIDE  AT  END  OF  FLIGHT. 

If  the  flight  is  so  made  that  the  plane  is  allowed  to  climb  steadily  as  the  load  decreases, 
it  must,  of  course,  come  down  at  the  end  of  the  flight  when  all  the  fuel  is  exhausted.  The 
potential  energy  put  into  the  plane  by  the  consumption  of  a  certain  amount  of  fuel  is  then 
partially  reemployed  in  the  descent.  A  slight  calculation  shows  that  it  is  puerile  to  consider 
this  effect,  as  shown  below. 

Assume  that  the  plane  rises  under  power  to  a  height  h  with  full  fuel  load  and  at  the  end 
of  the  flight  descends  with  power  shut  off  and  without  fuel.  The  potential  energy  which  can  not 
be  regained  is  hence  approximately  the  work  done  in  raising  the  total  weight  of  fuel  to  the 
maximum  height  reached.  As  shown  previously,  the  expenditure  of  fuel  is  about  1  pound  per 
horsepower-hour  delivered  by  the  propeller,  which  is  equivalent  to 

550  X  60  X  60  =  1,980,000  foot-pounds  of  energy  per  pound  of  fuel. 

Assume  50  percent  useful  load  (all  fuel),  the  work  required  to  raise  the  plane  to  a  height 

h  is 

W 

~2  Xh  foot-pounds, 

which  is  a  considerably  overestimated  value,  as  the  climb  is  gradual,  and  the  total  fuel  load  is 
not  raised  to  the  maximum  height. 
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Considering  the  specific  machine  used  in  Part  I,  the  work  done  in  raising  7,500  pounds  of 
fuel  to  a  height  of  10,000  feet,  say,  is  75,000,000  foot-pounds.  This  amount  of  work  would 
require 

75,000,000  ,      .  „     „  ... 

1  980  000  =     P°unds  =  6.3  gallons  of  fuel 

(gas  and  oil),  assuming  6  pounds  to  the  gallon.  As  the  total  load  is  1,250  gallons,  this  amount 
is  about  one-half  of  I  per  cent  of  the  total  fuel  load,  which  is  quite  negligible  in  calculations  of 
this  nature. 

As  the  percentage  amount  for  any  other  type  of  machine  would  bo  about  the  same,  we 
have  made  no  effort  to  take  this  theoretically  interesting  part  of  the  subject  into  consideration. 

PRACTICAL  SIMPLIFIED  METHOD  OF  APPLYING  THIS  THEORY  TO  A  SPECIFIC  CASE. 

The  application  of  this  theory  to  any  specific  case  now  reduces  to  the  greatest  simplicity 
as  follows: 

Data  required.   Wf  =  weight  fully  loaded  with  fuel 
W0  =  weight  empty  of  fuel. 

i,  =  angle  of  incidence  for  minimum  total  resistance. 
I,  Calculate  the  maximum  range  for  an  all  fuel  load  by  equation  17 


W, 


and  plot  the  value  of  S/2  as  abscissa  for  an  ordinate  B  =  o. 

2.  Plot  Wf  — We  as  an  ordinate  for  S  =  o. 

3.  Connect  these  two  points  by  a  straight  line  and  we  have  a  diagram  similar  to  the  fol- 
lowing figure: 


Objective.  Dutanct 

Fig.  8. 


Any  ordinate  such  as  CD  will  give  the  maximum  pounds  of  load  that  can  be  carried  for 
an  objective  at  distance  OC.  The  distance  DE  will  give  the  corresponding  weight  of  gasoline 
to  be  carried.    (See  Fig.  6.) 

For  usual  machines 


S  (miles)  =375  ?fj         R)m  Jog10(  ^) 


(22) 
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EFFECT  OF  ALTITUDE  ON  SPEED,  POWER,  AND  TIME. 

From  equation  (o)  it  follows  that  for  a  given  weight  the  speed  must  increase  as  7  diminishes 
and  the  exact  relation  is 

W=-^  (23) 

where  h  is  the  height  characterized  by  7.  From  equation  (7)  it  follows  that  the  power  required 
for  flight  increases  in  the  same  proporation  as  the  speed  so  that 

Pft=^°  (24) 

This  is  otherwise  evident  as  the  thrust  does  not  change. 

From  the  latest  experimental  tests  of  motor  horsepower  and. motor  efficiency  at  altitudes, 
it  is  found  that  the  power  falls  off  almost  in  proportion  to  the  density  so  that 

PA'  =  P0'7  (25) 

Hence,  to  fly  at  an  altitude  characterized  by  7,  a  power  P0'  at  the  ground,  which  becomes  P0'7  at 
the  height,  corresponding  to  7,  must  be  provided,  such  that 

P0'7=  (26) 

If  the  maximum  available  horsepower  P0  max.  at  the  ground  is  provided,  the  plane  will  rise 

until 

P0max.7  =  ^T-  (27) 
V7 

or  to  such  an  altitude  as  is  characterized  by 

Kp^axJ3  '  <28) 

In  order  to  provide  a  constant  thrust  the  propeller  must  increase  in  angidar  speed  according 
to  the  same  law  as  the  plane  since  propeller  blades  are  aerodynamic-ally  similar  to  wings,  so  that 

^sm^mi*      :  :  (29) 

V7 

It  follows  immediatelv  from  this  that  since  V  and  n  increase  in  the  same  ratio  then  \< 

nD 

remains  constant  with  altitude,  and  hence  the  propeller  efficiency. 

There  arc  thus  several  reasons  why  flight  at  a  high  level  will  be  better  than  at  low. 

(a)  The  motor  running  full  open  will  probabh"  use  less  fuel  per  horsepower  than  has  been 
assumed  for  throttle,  say,  in  the  ratio  of  0.6  to  0.7. 

(6)  The  motor  miming  at  a  higher  speed  can  develop  slightly  more  power  with  proper 
adjustment,  which  will  increase  the  height,  and  therefore  the  speed. 

(c)  A  very  good  third  reason  is  that  the  duration  of  the  flight  will  be  considerably  lessened 
and  this,  together  with 

(d)  the  increased  safety  due  to  high  altitude  and  greater  flying  speed  lead  to  the  conclusion 
that :  For  bombing  purposes  the  aviator  should  fly  at  a  certain  predetermined  constant  angle 
of  attack;  he  should  allow  the  plane  to  rise  as  the  load  diminishes. 

Since  the  work  consumed  in  rising  to  the  higher  level  is  at  least  partially  returned  when 
the  machine  glides  down  at  the  end  of  the  trip  without  power,  these  works  have  not  been  con- 
sidered. 

The  aviator  will  thus  attain  the  greatest  range,  carry  the  greatest  load,  secure  the  greatest 
safety  and  speed  consistent  with  these  conditions  and  ecomomize  in  time  as  well. 
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NOTE  ON  CEILINGS. 

By  employing  the  equation  (28): 

7  VPomaxJ 

based  upon  the  assumption  Pft  =  P07,  the  ceiling  for  any  corresponding  weight  of  machine  may 
be  found  if  the  available  and  required  horsepower  is  known. 

The  following  table  of  computations  refers  to  the  machine  considered  in  Part  I. 


Table  of  ceiling  computations. 


Weight  in 

Available 
horsepower 
Pm. 

Kequired 
horsepower 
IV 

PoV» 

Ceiling; 

pounds. 

"Pm. 

W 

(6) 

15,000 
13,000 
11,000 
9,000 
7,000 

600 
582 

tu 

518 
477 

320 

265 
212 
159 
107 

0.658 
.592 
.527 
.455 
.368 

12,500 
it;,  ikk) 
19,600 
23,800 
29,6011 

10,350 
13,900 
17,900 
21,800 
25,600 

The  column  (a)  under  the  heading  of  ceiling  in  the  above  table  has  been  obtained  from  a 
7-altitude  curve  based  upon  data  obtained  from  report  No.  14  of  the  National  Advisorj'  Com- 
mittee for  Aeronautics. 

The  column  (b)  under  "Ceiling"  has  been  obtained  from  data  on  the  average  performance 
values  of  a  number  of  machines. 
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EFFECT  OF  WIND  ON  RANGE  CALCULATIONS. 

By  J.  G.  Coffin.    September  1,  1919. 


BEST  FLIGHT  SPEED. 

If  there  is  a  retarding  or  a  helping  wind  it  will  he  shown  below  that  the  conditions  for 
maximum  range  must  he  changed. 

The  following  is  a  proof  of  an  important  method  for  finding  the  proper  attitude  of  flight 
with  or  without  winds. 


T 

T 

<----"  ~~  

— ^  £  

T«il     W.n4  0 

Head  Wmd 

Fig.  9. 

Let  curve  I  be  the  required  thrust-speed  curve  and  II  the  required  power-speed  curve  for  the 
machine. 

Consider  a  machine  of  constant  weight  W  which  is  flying  with  air  speed  V  against  a  wind 
speed  w.    The  ground  speed  is  then  V—w. 

ds 


In  order  to  fly  a  ground  distance  ds  it  will  take  a  time  dt  ■■ 


Y-w 


If  the  thrust  is  T  and  "a"  is  the  rate  of  gas  consumption  per  delivered  power  the  gas  con- 
sumed in  flying  this  distance  is 

d<i  ' 

(30) 


a¥dt=aP 


Y-w 


As  "a."  is  assumed  constant  and  ds  is  fixed,  for  this  expression  to  be  a  minimum  we  must 
have 

A     L.  (V-w)P'-P 
dY  Y-w~  (Y-w)2 

and  since  V  —  w  can  not  be  infinite  the  condition  is: 

P 


P'  = 


Y-w 
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This  means  that  the  subtangent  to  the  power-speed  curve  is  (V  —  w)  and  the  equation  is  fid- 
filled  by  the  following  construction:  Lay  off  w,  figure  9,  on  the  V-axis,  to  the  right  of  the  origin, 
if , n  contrary  wind,  or  to  the  left  if  a  following  wind,  and  draw  a  tangent  from  this  point  to 

,  P 
the  P-V  curve;  it  is  seen  that  the  slope  or  tangent  P'  is  equal  to  y    w-   Fox  calm  air  the  tangent 

is  drawn  from  the  origin.    As  the  slope  of  a  line  drawn  from  the  origin  to  any  point  on  the  P-V 

P   VT      \  *. 
curve  is  always  y=-y-  =T  it  follows  that  the  thrust  varies  as  the  slope  of  such  a  line,  and  as 

the  tangent  from  the  origin  to  the  P-V  curve  lias  evidently  the  minimum  slope,  this  shows 
that  in  calm  air  the  machine  must  fly  at  minimum  thrust,  as  is  otherwise  evident. 

Thus  the  minimum  points  of  the  T-V  curves  lie  directly  over  the  points  of  tangency  of 
lines  from  the  origin  to  the  P-V  curves. 

If  there  is  a  head  wind  this  condition  of  minimum  thrust  no  longer  holds  and  more  power 
is  required  for  most  economic  flight  which  corresponds,  of  course,  to  a  greater  thrust. 

As  the  power  curve  is  limited  to  the  right  by  the  maximum  output  of  the  power  plant  it 
is  seen  that  for  economical  flight  there  is  a  limiting  head  wind  corresponding  to  the  distance 
OH,  wbere  H  is  the  intersection  of  the  tangent  to  the  P-V  curve  at  its  limit  with  the  V-axis. 
It  is,  of  course,  possible  to  make  headway  against  stronger  winds,  but  the  condition  for  eco- 
nomical flight  in  such  a  case  is  no  longer  fulfilled.  When  w  is  a  helping  wind  the  tangent  is 
drawn  from  a  point  on  the  left  of  O  and  it  is  evident  that  as  the  following  wind  increases  in  speed 
it  pays  to  use  less  and  less  power,  the  limit  for  an  infinite  wind  being  minimum  power.  In  otber 
words,  it  pays  to  let  the  wind  carry  the  machine  along  with  the  least  use  of  the  power  plant. 
Curiously  enough,  this  corresponds  to  a  thrust  greater  than  the  minimum  which  is  proper  in 
calm  air. 

While  for  economic  flight  in  calm  air  the  machine  must  fly  at  minimum  thrust  and  hence 
at  maximum  L/D  1  for  the  machine  for  all  loads,  this  simplicity  does  not  obtain  for  eco- 
nomic flight  in  the  wind.  Not  only  does  tho  L/D  change  for  a  given  load  with  varying  winds, 
but  also  for  a  constant  wind  it  varies  with  the  load.  Fortunately  these  variations  are  small 
for  any  reasonable  head  winds  and  for  a  change  of  load  equal  to  the  weight  of  the  machine 
empty.  Referring  to  figure  9,  the  proper  L/D's.for  the  machine  and  hence  the  proper  angles 
of  incidence  may  be  determined  by  the  method  demonstrated  .above. 

Assuming  a  head  wind  of  w  mUes  per  hour  draw  tangents  to  the  required  horsepower 
curves  from  abscissa  +  w.  Read  off  on  the  thrust  curves  the  thrusts  corresponding  to  the  points 
of  tangency  on  the  power  curves,  divide  these  thrusts  by  the  corresponding  weight  of  the  machine 
and  the  values  thus  obtained  are  the  D/L's  corresponding  to  economical  flight  iinder  the 
assumed  conditions. 

SINGLE  CURVE  METHOD. 

A  much  simpler  method  will  now  be  described  to  accomplish  the  same  rcsxilt  requiring  the 
drawing  of  but  a  single  curve  for  the  whole  procedure. 
The  method  is  based  upon  the  following  considerations: 
The  equations  for  horizontal  llight  may  be  written 

W  =  LAV2 
T  =  DAV 
P=TV 

From  these  we  obtain 

V  =  ,LA-W"2  •  (31) 

T  =  ^  •  W  (32) 

P  =  VEA-LW3/2  (33) 


'  In  tho  following  D  represents  tho  total  drag  on  the  maching  and  corresponds  to  ( L>+  B )  in  I  he  preceding  pages. 
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Those  equations  show  that  as  the  load  changes  the  corresponding  speeds  for  any  given 
angle  of  incidence  vary  as  W"2,  the  thrusts  as  W  and  the  powers  as  W3/2. 
Consider  now  any  required  power-speed  curve.    Figure  (9). 

The  required  power  curves  for  any  other  weight  W,  can  be  calculated  from  this  given 
curve  by  multiplying  the  speeds  by  J  ^  )   =X1/2  and  the  corresponding  powers  by  I  ^  )   =X  '! 

and  plotting  these  values  on  the  same  sheet.    If  required  the  thrust  curves  can  be  obtained  by 

PX3''2  P 
plotting  ^1;2  =  y  X  against  V1/2.' 

Consider  what  effect  a  change  in  loading  has  upon  the  equation  of  condition  for  economical 
flight. 

dP_  P 
dV  V-io 

becomes  for  a  new  loading  W, 

rZP-X3'2_  PX3/2 
W 

where  X  = , 


W 


A7P\  _?  

\dv)=  v-w,  (34) 


This  reduces  to 


which  indicates  that  instead  of  plotting  P  — V  curves  for  various  loads  and  drawing  tangents 
from  the  abscissa  w  it  is  sufficient  to  plot  but  one  curve,  and  as  the  load  increases  draw  tangents 

from  abscissas  r-jjj  as  the  load  changes.    The  point  of  tangency  determines  values  of  P  and  V 

which  correspond  to  a  required  power  P  X3'2  and  a  flying  speed  V  X"2  for  the  new  condition, 
As  the  main  interest  here  is  to  find  the  variations  in  L/D,  or,  what  is  the  same  thing,  in  D/L 
we  continue  as  follows: 
PX3'2    PX  . 

Since  is  the  new  corresponding  thrust,  and  since  the  new  thrust  divided  by 

the  new  load  W,  gives  the  new  D/L,  it  is  seen  that 


_V_TX_T_/D\  (35) 

w,  ~w1~w~Vl/1 


and  hence  in  order  to  determine  the  D/L  for  any  new  loading  it  is  merely  necessary  to  draw  a 

w  .    P  ..... 

tangent  from  ^1/2,  and  the  ratio  y  read  off  on  the  original  scale  is  the  corresponding  value  of 

the  ^  required. 

This  single  curve  is  preferably  plotted  for  some  simple  load  such  as  1,000  pounds  or  10,000 
pounds.  The  D/L's  will  then  come  out  directly  by  dividing  the  power  by  the  speed,  and  by 
changing  the  position  of  the  decimal  point. 

EXAMPLE  OF  USE  OF  THE  ONE-CURVE  METHOD. 

In  order  to  check  the  proposed  method  against  the  usual  multicurve  method,  three  P-V 
curves  were  plotted  for  the  same  machine  with  loads  of  7,000  pounds,  10,000  pounds,  and  13,000 
pounds,  respectively.    The  machine  weighs  7,000  pounds  empty. 

These  curves  are  shown  in  Fig.  (10).  The  L/D's  for  various  wind  speeds  were  derived  from 
them  and  compared  with  the  L/D's  taken  from  the  10,000-pound  curve  using  modified  wind 
speeds  as  described  above. 
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The  agreement  is  very  satisfactory,  as  shown  in  the  table  (6)  below. 

When  using  the  curve  for  a  7,000-pound  load  the  modified  wind  speeds  corresponding  to  « 
are  • 


=  1.195  w, 


and  for  a  load  of  13,000  pounds  they  are 

t0-*/j|-.877  to 
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Fig.  10. 


Table  (6). 


Actual 
wind 
speeds,  to, 
In  miles 
per  hour. 

L/n  from 
7,000- 
pomid 
P-V  curve. 

L/n  from 
10,000- 
pound 

P-V  curve. 

Modified 
wind 
speeds 
used.  1.196 

KT. 

L/n  direct 
from 
10,000- 
pound 
curve. 

L/D  from 
13,000- 
nound 

P-V  curve. 

L/D  from 
10,000- 
pound 

P-V  curve. 

Modified 
wind 
speeds 
used.  0.877 
w. 

(7,000 

(10,000 

(;s,«w 

pounds.) 

pound.',  i 

ix,u  nils  i 

-40 

S.26 

8.31 

-47.80 

8.31 

8.35 

8.33 

-35.06 

-20 

8.35 

8.37 

-23.00 

8.35 

8.38 

8.40 

-17.53 

0 

8.41 

8.43 

0 

8.44 

8.43 

8.43 

0 

10 

8.41 

8.43 

11.95 

8.41 

8.41 

8.42 

8.77 

20 

8.29 

8.31 

23.  IK) 

8.32 

8.41 

8.42 

17.53 

30 

8.04 

8.03 

35.85 

8.19 

8.25 

8.25 

28.60 

40 

7.47 

7.45 

47.80 

7.96 

8.04 

8.07 

35.06 

50 

5.95 

5.90 

59.75 

7.  21 

7.62 

7.60 

43.82 

Several  interesting  results  appear  from  the  values  obtained. 

1.  The  influence  of  wind  on  the  L/D  is  greater  for  light  loads  than  for  heavy.  A  change 
in  L/D  from  8.43  to  5.90  is  found  for  the  7,000-pound  machine  as  against  a  change  from  8.43  to 
7.60  for  the  13,000-pound  machine,  these  values  corresponding  to  a  change  in  head-wind  speed 
of  50  miles  per  hour. 

2.  This  influence  still  holds  although  much  less  noticeably  for  helping  winds,  the  L/D 
changing  from  8.43  to  8.30  for  the  light  machine  as  against  8.43  to  8.34  for  the  heavy  machine. 

3.  For  any  reasonable  head  wind  that  could  be  flown  against  in  long-distance  flight,  the 
change  in  the  L/D  is  small,  running  from  8.43  to  8.00  for  the  7,000-pound  case  to  8.43  to  8.25 
for  the  13,000-pound  case,  these  values  corresponding  to  a  head  wind  of  0  and  30  miles  |  per  hour 
respectively. 
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As  practically  it  is  difficult  to  fly  at  a  given  angle  with  mathematical  accuracy  the  main 
result  of  these  figures  is  to  show  that  as  the  head  winds  increase  in  speed  it  is  necessary  to  slightly 
diminish  the  flying  angle;  exactly  how  much  depending  on  a  preliminary  calculation  as  out- 
lined above. 

The  instructions  to  the  pilot  can  be  given  in  either  of  two  ways: 

(a)  Proper  flying  angles  for  any  given  wind . 

(b)  Proper  air  speed  for  any  given  wind. 


r 

for  machines  ho  vino 
various  foto//oods. 

r  w  f  *  r  t  t  <~/<-/  is  1 1  /y  t-//          trv  ff  t  i~f  •-'f-~^   

L 
0 


-50  -40  -30  -20  -10  0  /0  20 

W/hd  Speed-  m.p.h. 

Fie.  11. 


30 


40 


50 


A  plot  of  the  values  of  L/D  against  wind  speeds  for  the  three  loadings  is  shown  in  figure 
(11).  These  L/D  values  correspond  to  definite  air  speeds  at  a  given  altitude  and  definite  angles 
of  incidence  which  can  also  be  placed  upon  the  plot.  Such  a  chart  will  give  with  sufficient 
exactness  the  proper  flying  angles  for  practical  navigation  under  economical  conditions. 

RANGE  FORMULAE  INCLUDING  EFFECT  OF  WINDS. 

The  time-weight  equation  (13) 

,=  1  /I  \\ 

kww  Vwy 

VtC,3'2 

is  naturally  unchanged,  since  for  a  given  angle  of  incidence  the  time  in  which  the  fuel  is  consumed 
can  not  depend  on  whether  there  is  a  wind  or  not. 


Where 
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The  time-distance  equation  must  be  modified.  Since  the  ground  distance  is  the  important 
factor  the  wind  modifies  the  range.  If  at  any  instant  the  air-speed  is  V  and  the  wind  speed  w, 
the  ground  speed  is  V— v>,  and  in  time  dt  a  ground  distance 

dS=(V-w)dt  (36) 

will  be  covered.    With  an  obvious  substitution,  this  becomes 


VW 
dt—w  dt 


W 

and 

Using  equation  (13)  this  becomes 


14  Kdt 

V  7  K  I  K  "     1    ~W  \ 

1  2<+VW, 


The  constant  of  integration  log  C  is  determined  by  the  condition  that  when  t  =  O  S  =  O 
and 


so  that  finally 


,ogC=-KV^logWW7 


Kt+  1 


o  2  1  .  2  WW,  . 
S=KVC^l0g'       1  ~wt 


Eliminating  t  and  giving  K  its  value  we  have 

The  LfD  which  appears  in  this  equation  is  an  average  value  given  by  the  preliminary  calculation 
as  in  Table  (6)  corresponding  to  loads  and  wind  speeds  for  which  the  range  is  desired. 

It  would,  of  course,  be  possible  to  introduce  an  empirical  expression  for  L/D  in  terms  of  W 
which  could  be  integrated,  but  no  practical  advantage  would  accrue  on  account  of  the  impossi- 
bility of  obeying  the  mathematically  exact  conditions  in  actual  flight. 

The  expression  (31)  for  S  can  be  put  into  either  of  the  following  forms  by  simple  trans- 
formations: 


S  =  a  (d)1o«  W  "a  (l))  Q^-t)w 
=  a(u)10-  w'~wt 

%(ii)[lo"v-ffi(ri)] 

1  /L\  .     Wf  2  .  /W  WA 

=AdJ1os  w-aHp-p>; 


In  ail  of  these  expressions  the  altitude  of  flight  is  assumed  to  be  substantially  constant. 
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SUMMARY. 

The  relation  between  useful  load  and  range  ha3  been  worked  out  by  two  distinct  methods. 
Part  I  employs  no  new  theory  and  is  made  by  the  usual  performance  estimate  methods.  It 
would  involve  considerable  plotting  of  curves  and  is  cumbersome. 

Part  II  gives  a  theoretical  solution.    This  solution  checks  remarkably  well  with  the  pre- 
vious one  in  every  particular.    It  leads  to  an  elegant  and  simple  solution  for  any  specific  case- 
Directions  are  given  for  the  application  of  the  results  of  this  paper  to  any  machine.  The 
total  time  required  for  this  complete  calculation  should  not  take  ovor  15  minutes. 
The  results  of  interest  for  calm  air  are: 

1.  The  machine  should  fly  at  a  constant  angle  of  attack,  the  angle  corresponding  to  the 

,      ,  Weight 
minimum  value  of  m  *.  i — Errr 


Total  resistance 

2.  It  is  practically  immaterial  whether  the  machine  flies  high  or  low  as  far  as  range  is 
concerned. 

3.  There  is  an  advantage  in  flying  high  in  that  the  time  is  much  reduced. 

4.  The  resistance  is  proportional  to  the  weight  at  a  given  altitude. 

5.  The  result  of  flying  at  maximum  speed  is  a  very  much  diminished  range,  or  for  a  given 
range  a  very  much  diminished  useful  load. 

6.  The  result  of  flying  at  minimum  power  is  to  slightly  reduce  the  range. 

7.  The. times  of  flight  at  the  same  level  for  flying  at  best  range  speed  and  at  minimum 
power  speed  are  practically  the  same. 

8.  The  condition  for  best  range  is  shown. 

9.  The  weight-time  curve  is  deduced. 

10.  The  range-time  curve  is  deduced. 

11.  The  weight-range  curve  is  deduced. 

12.  The  effect  of  altitude  has  been  taken  into  account. 

13.  The  time  is  greatly  diminished  for  filing  at  corresponding  levels. 

14.  The  theory  checks  closely  with  the  ordinary  methods  of  Part  I. 

Part  III  gives  a  theoretical  solution  of  the  effect  of  wind  on  range.  First,  a  proof  of  a 
method  for  determining  the  L/D  and  air  speed  for  the  machine  under  any  wind  conditions  is 
given.  A  new  method  is  shown  wherein  but  one  P-V  curve  is  required  for  any  load  and  any 
wind  speed. 

Variations  in  L/D  for  changes  in  load  and  wind  speed  are  derived  and  checked  against 
the  usual  methods. 

The  weight-distance  formula  is  derived  as  modified  by  winds. 
The  results  of  interest  for  flight  in  winds  are: 

1.  The  angle  of  attack  changes  but  slightly  when  flying  against  winds  of  reasonable 
strength,  and  but  very  slightly  when  flying  with  winds  of  any  strength. 

2.  The  altitude  of  flight  affects  the  range.  The  reason  being  that  higher  speeds  are  attained 
at  higher  altitudes  and  the  ratio  of  air  speed  to  wind  speed  changes.  However,  as  wind 
speeds  change  with  altitude  it  does  not  seem  worth  while  to  go  into  the  matter  more  fully. 

3.  Other  things  being  equal,  it  is  slightly  advantageous  to  fly  high,  especially  as  to  time 
ni  flight. 

4.  The  weight-time  curve  is  unchanged. 

5.  The  range-time  curve  is  deduced, 
(i.  The  weight-range  curve  is  deduced. 
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PRELIMINARY  REPORT  ON  FREE  FLIGHT  TESTS. 

By  Edward  P.  Warner  and  F.  II.  Norton. 

DESCRIPTION  OF  AIRPLANE  EMPLOYED. 

In  a  series  of  tests  which  have  been  made  by  the  advisory  committee's  staff  at  Langley 
Field  during  the  summer  of  1919  with  the  objects  of  determining  the  characteristics  of  airplanes 
in  flight  and  the  extent  to  which  the  actual  characteristics  differ  from  those  predicted  from 
tests  on  models  in  the  wind  tunnel,  and  of  studying  the  balance  of  the  machines  and  the  forces 
which  must  be  applied  to  the  controls  in  order  to  maintain  longitudinal  equilibrium;  two  air- 
planes have  been  employed.  Both  are  advanced  training  machines  of  the  JN4H  type  and 
both  arc  equipped  with  Hispano-Suiza  150  horsepower  engines,  but  they  are  somewhat  differ- 
ent in  structural  details.  The  most  important  differences  in  connection  with  the  aerodynamic 
characteristics  of  the  airplanes  are  the  use  of  an  oil  radiator  suspended  below  the  body  and  a 
reserve  gasoline  tank  mounted  in  the  center  section  of  the  upper  wing  on  one  of  the  machines, 
these  accessories  being  lacking  on  the  other.  The  machine  carrying  the  oil  radiator  and  the 
reserve  tank  will  be  referred  to  in  this  report  as  No.  1,  the  other  as  No.  2.  In  addition  to  the 
differences  just  noted,  airplane  No.  1  had  the  aluminum  doors  in  the  sides  of  the  body,  just 
forward  of  the  wings,  removed  in  order  to  permit  of  a  freer  flow  of  air  through  the  radiator 
and  past  the  engine,  while  No.  2  was  flown  with  these  doors  in  place.  No  cowling  over  the 
upper  part  of  the  engine  was  used  on  cither  machine,  this  being  freely  exposed  to  the  air  in 
order  to  dissipate  as  much  heat  as  possible  directly  to  the  slip  stream  as  it  passed  over  the  cyl- 
inder heads.  Despite  all  precautionary  measures  adopted  to  prevent  overheating,  great  diffi- 
culty was  experienced  in  keeping  the  engine  cool  during  the  summer,  and  it  was  seldom  possible 
to  climb  with  the  throttle  fully  open  for  more  than  a  few  minutes  without  raising  the  water 
temperature  dangerously  near  the  boiling  point. 

The  two  machines  used  are  shown  in  figure  1,  and  general  arrangement  drawings  of  the 
JN4H  are  given  in  figure  2.    The  more  important  areas  and  the  weights  are  tabulated  below: 


Areas.  Square  feet. 

Upper  main  plane,  including  ailerons   203.  0 

Lower  main  plane  ".   150.  0 

Ailerons  (total )   34.  6 

Stabilizer   28.  5 

Elevators   21. 8 

Fin   3. 7 

Rudder   11.  8 

Weights.  Pounds. 

Airplane  No.  I,  tanks  and  radiator  full,  seats  empty   1,  90G 

Airplane  No.  2,  tanks  and  radiator  full,  seats  empty   1, 844 


The  difference  in  weight  is  duo  to  the  larger  amount  of  gasoline  and  oil  carried  by  No.  1 
and  to  the  extra  tank  and  oil  radiator  provided  on  that  machine. 

The  propellers  used  on  the  two  machines  were  nominally  exactly  alike,  both  being  made 
from  the  Air  Service's  design  No.  13.279,  having  a  diameter  of  8  feet  6  inches,  and  being  de- 
signed for  an  effective  pitch  of  5.22  feet.  Actually  they  were  quite  different,  the  propeller 
which  was  used  on  machine  No.  2  in  most  of  the  work  having  warped  so  that  tho  pitch  was 
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Figure  2  (a). 
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considerably  less  than  it  was  supposed  to  be.  The  other  propeller  checked  extremely  well  with 
the  drawings,  the  mean  blade  angles  for  the  two  blades  being  correct  within  0°.l  at  all  radii 
except  within  three  inches  of  the  tip,  where  the  angle  of  setting  was  too  large  by  0°.35.  The 
effect  which  this  difference  between  the  two  propellers  had  on  the  results  of  the  tests  will 
be  discussed  elsewhere. 

The  most  important  factor  from  an  aerodynamic  standpoint  is,  of  course,  the  type,  form 
and  arrangement  of  the  main  supporting  surfaces.  The  wing  section  was  accordingly  checked 
up  by  direct  measurement  at  several  points  on  each  machine,  a  frame  being  used  which  encircled 
the  wing  and  provided  base  lines  for  measuring  the  cambers  on  both  the  upper  and  the  lower 
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surfaces.  The  section  employed  was  nominally  an  Eiffel  36.  Actually  it  varied  from  that 
curve  by  having  a  smaller  camber  on  both  surfaces.  Tho  maximum  discrepancy  between  tho 
Eiffel  36  and  the  mean  wing  section  for  the  two  machines  was  0.006  of  the  chord,  or  approx- 
imately three-eighths  inch,  on  the  upper  surface,  and  a  very  little  less  on  the  lower  surface. 
The  actual  curve  on  the  upper  surface  was  considerably  smoother  than  that  of  the  Eiffel  36, 
the  latter  section  having  a  rather  abrupt  change  of  curvature  one-third  of  the  way  back  from 
the  leading  edge.    The  mean  section  for  the  actual  wings  and  the  Eiffel  36  are  plotted  in  figure 
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3  with  the  ordinates  very  much  exaggerated,  such  distortion  of  the  plot  making  it  easy  to  de- 
tect any  unfairness  of  the  curves  or  any  difference  between  them.  The  true  form  of  the  sec- 
tion used  is  given  in  figure  4. 

The  difference  between  the  mean  sections  for  the  two  machines  was  negligible,  being  less 
than  0.002  of  the  chord  at  every  point,  and  less  than  0.001  at  most  points.  Airplane  No.  2 
had  a  smaller  camber  than  No.  1  on  tho  whole  upper  surface  and  on  the  larger  part  of  the  lower 
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one.  Although  the  differences  happened  to  counterbalance  each  other  so  that  the  mean  sec- 
tions were  nearly  identical,  the  extreme  divergencies  between  the  cambers  at  corresponding 
points  on  the  different  wings  were  by  no  means  negligible.  For  example,  the  ordinates  for  one 
lower  wing  on  No.- 2  were  uniformly  greater  than  those  for  the  other  lower  wing  on  the  same 
machine,  the  difference  sometimes  amounting  to  as  much  as  0.004  of  the  chord.  It  is  improb- 
able that  wings  can  be  manufactured  by  ordinary  production  methods  w  ith  a  greater  uniformity 
of  section  than  that  found  in  these  two  machines,  and,  even  if  they  could  be  made  originally 
witli  greater  accuracy,  wooden  ribs  will  not  hold  their  curvature  exactly  when  submitted  to 
varying  climatic  conditions.  Wind  tunnel  experiments  indicate  that  the  effect  of  changing 
the  camber  of  an  aerofoil  by  0.004  of  the  chord  is  seldom  serious,  so  long  as  the  surface  retains 
a  smooth  curvature,  except  in  very  thick  sections  such  as  are  used  in  propeller  blades  and  in 
internally  braced  airplanes  such  as  the  Fokker  biplane  and  triplane.  It  appears  to  be  fair  to 
assume  that  the  differences  in  section  among  the  wings  used  on  these  machines  will  have  no 
effect  on  their  characteristics  and  that  the  mean  section,  as  shown  in  figure  3,  can  be  assumed 
to  exist  at  all  points. 

The  discrepancy  between  the  actual  form  of  the  wing  section  and  the  curve  on  which  it 
was  supposed  to  bo  based  points  a  dual  lesson.  In  the  first  place,  it  draws  attention  to  the 
need  of  making  wind-tunnel  models  to  represent  the  airplane  as  it  is  actually  built,  or  to  be 
built;  not  merely  according  to  specifications  which  the  shop  may  find  itself  quite  unable  to 
follow.  It  is  of  little  use  to  construct  model  aerofoils  accurate  to  within  0.002  inch  if  the  full- 
sized  wing  which  they  represent  departs  by  as  much  as  three-eighths  of  an  inch  from  the  section 
which  it  is  supposed  to  follow.  Secondly,  these  measurements  should  serve  to  remind  experi- 
menters engaged  in  the  design  of  wing  sections  of  the  futility  of  drawing  forms  which  it  is  impos- 
sible to  construct  by  ordinary  methods.  For  instance,  no  airplane  wing  is  constructed  with  the 
upper  and  lower  surfaces  running  out  until  they  intersect  in  a  perfectly  sharp  trailing  edge. 
Indeed,  it  is  practically  impossible  to  construct  a  model  aerofoil  for  the  wind  tunnel  with  such 
a  trailing  edge,  yet  aerofoils  are  repeatedly  drawn  up  in  such  forms.  The  result  is  that  the 
model  maker  exercises  his  own  judgment  as  to  the  extent  to  which  the  trailing  edge  should 
be  rounded  over,  the  airplane  builder  introduces  a  strip  of  wood  or  of  steel  tube  for  a  trailing 
edge,  and  the  drawing,  the  model,  and  the  full-sized  wing  are  likely  ultimately  to  be  of  three 
quite  different  forms. 

In  the  JN4H,  the  thrust  line  is  parallel  to  the  top  longerons  and  the  stabilizer,  which  is 
flat  on  its  lower  surface,  lies  directly  on  the  longerons.  A  detailed  discussion  of  the  actual 
form  and  setting  of  the  tail  surfaces  is  of  interest  primarily  in  connection  with  the  longi- 
tudinal balance  of  the  machine,  and  it  will  be  reserved  for  treatment  in  connection  with  that 
subject.  Tlie  wings  are  nominally  set  at  an  angle  of  2°  to  the  top  longerons,  but  the  mean 
angle  of  incidence  in  both  of  the  machines  used  in  this  work  was  somewhat  greater  than  that, 
being  2°.25  in  No.  1  and  2°.4  in  No.  2.  The  variation  of  incidence  along  the  wing,  due  to 
warping,  to  slightly  imperfect  rigging,  and  to  the  droop  provided  in  the  left  wing  to  balance 
the  propeller  torque,  was  about  0°.3.  The  ailerons  were  rigged  as  nearly  as  possible  to  form 
a  continuation  of  the  upper  wing,  so  that,  when  the  stick  was  centered,  the  angles  of  incidence 
of  the  portions  of  the;  upper  wing  which  carries  the  ailerons  were  very  nearly  the  same  as  for 
tho  inner  part  of  the  wings.  A  small  change  in  the  rigging  of  the  ailerons  when  in  the  neutral 
position  has  a  mai-ked  effect  on  the  lift  and  drag  coefficients  of  the  wings. 

CALIBRATION  OF  INSTRUMENTS. 

The  first  step  in  the  making  of  any  tests  is  necessarily  a  study  of  the  accuracy  and  a  deter- 
mination of  the  calibration  curves  of  the  instruments  employed.  The  standard  instruments, 
used  in  all  tests,  are  the  altimeter,  the  tachometer,  and  the  air-speed  meter.  The  altimeter  can 
readily  be  calibrated  in  the  laboratory  under  a  bell  jar.  Since  tho  altimeter  was  used,  in  most  of 
these  experiments,  only  for  determining  the  density  correction,  and  since  most  of  the  work  was 
carried  out  at  less  than  4,000  feet  altitude,  the  permissible  percentage  error  in  altitude  determina- 
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tion  was  quite  large.  An  error  of  130  feet  in  the  altimeter  reading,  or  more  than  4  per  cent  at  3,000 
feet,  affects  the  density  determination  by  only  one-half  per  cent.  The  effect  of  such  minor  factors 
as  the  decrease  of  static  pressure  in  the  cockpit,  due  to  the  slip-stream  velocity,  can  therefore 
be  neglected.  It  is  usually  possible,  at  the  time  of  calibrating  the  altimeter,  to  adjust  the 
instrument  so  that  the  errors  arc  negligible  in  such  work  as  this  at  altitudes  of  less  than  4,000 
feet,  and  the  scale  readings  can  therefore  be  used  directly  without  resort  to  a  calibration  curve. 

The  tachometers  used  were  made  by  the  Van  Sicklen  Co.,  and  were  of  the  chronometric 
type.  No  calibration  of  these  instruments  was  adjudged  necessary,  as  the  readings  of  the 
instruments  in  the  front  and  rear  checked,  and  as  a  chronometric  tachometer  can  generally 
be  counted  on  to  give  readings  very  nearly  correct  so  long  as  it  gives  any  readings  at  all.  If 
anything  goes  wrong  the  instrument  usually  stops  recording  entirely. 

The  calibration  of  the  air-speed  meters  presents  a  much  more  serious  problem  than  does  that 
of  cither  of  the  instruments  just  discussed,  for  several  reasons.  There  are  several  possible 
sources  of  error  in  the  air-speed  determination.  In  the  first  place,  the  meter  itself  may  be 
in  error  initially  or  may  go  wrong  after  some  use.  Errors  of  this  type  can  be  determined  by 
calibration  of  the  meter  in  a  wind  tunnel.  In  the  second  place,  the  pitot  or  venturi  tube 
used  for  measuring  the  velocity  head  being  located  close  to  the  machine  and  in  air  disturbed 
by  the  passage  of  the  wings  the  velocity  of  the  air  past  this  tube  is,  in  general,  different  from 
the  velocity  of  the  airplane  relative  to  the  undisturbed  air.  For  example,  the  vortex  theory  of  sus- 
tentation  declares  that  there  is,  superposed  on  the  rectilinear  flow  of  air  relative  to  the  wing,  a 
cyclic  flow  around  the  wing,  so  that  the  relative  airspeed  above  the  wing  is  higher,  and  that 
below  the  wing  lower,  than  the  speed  through  undisturbed  air.  An  air-speed  meter  having 
its  head  placed  closs  above  the  wing  would  therefore  give  too  high  a  reading,  no  matter  how 
closoly  tho  instrument  might  have  calibrated  in  the  laboratory.  Finally,  the  air-speed  meter 
will  not  giro  a  perfectly  correct  reading  if  the  axis  of  the  head  is  not  parallel  to  tho  relative 
wind  direction  at  that  point.  Inclination  of  the  head  to  the  relative  wind  results  from  the 
diversion  of  the  air  flow  by  interference,  a  diversion  which  extends  to  a  considerable  distance 
forward  of  the  wings,  and  also  from  the  changing  attitude  of  an  air-speed  meter  head  fixed 
in  the  machine  as  the  angle  of  attack  is  altered. 

Since  practically  all  free-flight  testing  requires  the  determination  of  tho  air  speed  from  a 
meter  the  accuracy  of  that  instrument  is  of  great  importance.  In  the  determination  of  lift 
coefficients,  for  example,  an  error  of  one-half  mile  an  hour  in  the  measurement  of  the  air 
speed  at  its  mean  value  (about  65  miles  per  hour  for  the  JN4II)  has  as  bad  an  effect  on  the  final 
result  as  would  an  error  of  400  feet  in  the  altitude  determination.  It  is  essential,  therefore, 
that  the  instrument  be  calibrated  in  place  on  tho  airplane  and  that  the  calibration  be  repeated 
at  intervals  to  guard  against  changes  in  the  meter. 

The  air-speed  meters  used  in  those  tests  were  Bristol  instruments.  They  were  graduated 
with  a  division  at  each  mile,  but  the  scale  was  uniform  enough  and  open  enough  so  that  it  was 
easy  to  estimate  the  reading  to  half  a  milo  an  hour.  Tbo  heads  were  pitot-venturi  tubes 
of  the  standard  Army  type,  and  were  mounted  on  the  left  inner  forward  interplanc  strut,  about 
18  inches  above  tho  lower  wing.  The  inner  strut  is  preferable  to  the  outer  one  because  of  the 
smaller  length  of  tubing  required  to  make  connection  to  the  meter  and  also  because  the  flow 
of  air  at  tho  inner  strut  is  more  nearly  parallel  to  the  plane  of  s3Tnmctry  of  the  airplane,  the 
relative  air  velocity  at  the  outer  strut  having  a  considerable  component  parallel  to  the  Y  axis, 
which  would  cause  the  air  to  strike  the  tubes  obliquely  and  so  give  false  indications. 

There  are  two  classes  of  methods  used  for  calibrating  air-speed  meters  in  position.  The 
first,  much  used  by  the  British,  involves  the  use  of  a  camera  obscura  for  the  determination  of 
speed  over  the  ground.  The  speed  with  which  the  imago  of  the  airplane  crosses  the  field  of 
view  can  bo  measured  with  great  accuracy,  but  tho  ground  speed  for  a  given  rate  of  travel  of 
the  imago  is  directly  proportional  to  the  altitude,  and  the  altitude  must  therefore  bo  determined 
within  one-half  per  cent  or  better,  an  accuracy  beyond  tho  reach  of  any  altimeter.  Tho  altitude 
can  best  bo  determined  by  tho  use  of  a  second  camera  obscura  or  of  a  theodolite  in  conjunction 
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with  one  camera  obscura,  the  vertical  angles  of  the  plane  as  seen  fiom  two  different  points  at 
the  instant  when  it  crosses  a  line  connecting  those  two  points  giving  the  necessary  data  for 
computing  the  altitude.  The  effect  of  the  wind  can  be  determined  and  corrected  for  cither 
by  measuring  the  velocity  of  a  puff  of  smoke  fired  from  the  airplane  or  by  flying  across  the 
field  of  view  in  three  different  directions,  one  after  the  other,  and  measuring  the  ground  speed 
in  each  direction.  There  is  only  one  camera  obscura  at  Langley  Field,  and  it  was  not  deemed 
advisable  to  secure  another.  The  camera  obscura  therefore  has  not  been  used  for  calibrating 
the  air-speed  meters  in  these  tests. 

The  second  method,  and  the  one  so  far  used  in  the  work  of  the  National  Advisory  Commit- 
tee, is  simpler  and  more  direct,  requiring  only  the  timing  of  the  airplane  over  a  measured  course. 
The  course  laid  off  at  Langley  Field  is  5,600  feet  long,  and  two  horizontal  wires,  one  directly 
above  the  other  and  about  3  feet  apart,  are  carried  on  poles  at  each  end.  One  of  these  observ- 
ing stations  is  shown  in  figure  5.  The  airplane  was  flown  over  the  course  at  an  altitude  of  from 
200  to  1,000  feet,  the  higher  altitudes  generally  being  used  at  the  lower  speeds,  where  there 
was  some  danger  of  stalling  or  side  slipping  or  starting  a  spin.  The  pilot  kept  the  speed  as 
nearly  constaut  as  possible  and  the  observer  recorded  the  air-speed  meter  reading  every  5 
seconds.  Two  or  three  runs  were  made  in  each  direction  at  each  speed,  the  speeds  at  which 
the  meter  was  calibrated  being  spaced  about  5  miles  per  hour  from  the  maximum  down  to  the 
minimum.  The  ground  speed  of  each  run  is  determined  by  observers  at  the  ends  of  the  course, 
the  two  stations  being  in  telephonic  communication.  The  effect  of  the  wind  is  eliminated, 
assuming  that  its  direction  and  velocity  do  not  change  between  runs,  by  computing  the  mean  air 
speed  for  successive  runs  made  approximately  at  the  same  speed  and  plotting  it  against  the 
mean  ground  speed  for  the  same  runs.  This  method  is  much  more  satisfactory,  when  the 
pilot  is  skillful  enough  to  make  his  runs  at 
air  speeds  very  nearly  uniform  and  close 
to  the  desired  speeds,  than  any  attempt 
to  measure  the  component  of  wind  velocity 
along  the  course  and  correct  each  run 
for  the  effect  of  that  component,  as  both 
direction  and  velocity  of  the  wind  are  so 
subject  to  change  with  altitude  that  measu- 
rements within  50  feet  of  the  ground  give 
little  information  as  to  the  conditions  exist- 
ing at  three  or  four  hundred  feet.  If  the 
wind  is  blowing  across  the  speed  course,  or 
at  an  angle  to  it,  the  machine  should  be  kept 
pointed  along  the  course  and  allowed  to  drift 
rather  than  being  headed  into  the  wind  in 
sucn  a  way  that  the  path  over  the  ground 
will  be  parallel  to  the  course.  The  right  and 
wrong  methods  are  shown  in  figures  6a  and 
6b,  where  W  is  the  vector  representing  wind 
velocity,  A  the  air  speed,  and  G  the  resultant 
speed  over  the  ground.  In  figure  6b  the  air 
speed  is  greater  than  the  component  of 
ground  speed  parallel  to  the  course,  in  whichever  direction  flown,  and  the  timing  over  the  ground 
of  a  machine  flown  in  this  manner  would  therefore  give  too  low  a  mean  true  speed.  In 
figure  6a,  on  the  other  hand,  the  two  quantities  just  mentioned  are  exactly  equal. 

The  calibration  curves  found  in  this  way  for  the  meters  in  the  rear  cockpits  of  the  two 
machines  are  plotted  in  figure  7.  It  will  be  observed  that  they  follow  the  same  general  form, 
the  relative  displacement  between  the  two  curves  probably  being  due  to  an  error  in  one  of  the 
instruments.  It  might  bo  expected  that  the  meter  would  read  low  at  very  low  speeds  and 
large  angles  of  attack,  due  to  tho  inclination  of  the  head  to  the  relative  wind,  but  it  actually 
appears  to  read  high.    This  rosult  has  been  obtained  in  tests  on  both  airplanes,  and  there  is 
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CORRECT  AND  INCORRECT  WAYS 
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little  doubt  of  its  accuracy,  although  the  error  in  calibration  at  low  speeds  is  greater  than  that 
at  high,  botli  because  the  effect  of  wind  variations  is  more  marked  at  low  speeds  and  because 

it  is  difficult  for  the  pilot  to  hold  a 
straight  course  over  the  ground  while 
flying  at  large  angles  of  attack.  In 
figure  8  the  corrections  to  be  applied  to 
the  air-speed  meter  reading  are  plotted 
against  indicated  speed,  these  curves 
serving  to  give  a  clearer  idea  of  the  ex- 
tent of  the  errors  involved  in  the  direct 
application  of  uncorrected  meter  read- 
ings than  do  those  of  figure  7. 

When  tests  are  made  at  high  alti- 
tudes, where  the  difference  between 
the  indicated  and  true  air  speeds  is 
large,  the  meter  calibration  correction 
should  be  applied  to  the  indicated 
speed  first,  and  the  result  thus  obtained  should  be  multiplied  by  the  density  correction  to  give 
the  true  speed.  This  order  of  procedure 
is  necessary  because  the  flow  of  air  about  ,} 
the  wings,  and  therefore  the  interfer- 
ence  effect  on  the  instrument  readings,  l« 
depends  on  the  indicated,  not  the  true,  |« 
air  speed.  Tho  meter  calibration  curve  $■' 
varies  somewhat  with  changes  in  the  ** 
loading  of  tho  machine,  as  such  changes  1 J 
alter  tho  relation  between  the  angle  f ' 
of  attack  and  the  indicated  speed,  J 
but  the  effect  of  any  ordinary  varia-  ' 
tions  in  flying  load  is  too  small  to  be 
taken  into  account. 
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DETERMINATION  OF  LIFT  AND  DRAG  COEFFICIENTS:  METHODS  EMPLOYED. 

It  is  very  dosirable  that  data  be  obtained  on  tho  lift  and  drag  in  free  flight  of  full-sized  air- 
planes and  parts  thereof,  in  order  that  tho  dosignor  may  gain  some  knowledge  as  to  the  correc- 
tions to  bo  applied  to  wind-tunnel  results  and  as  to  the  extent  to  which  those  results  can  be 
trusted.  Tho  problem  is  an  extromoly  difficult  ono  for  many  reasons,  some  of  which  will  be  dis- 
cussed in  detail  later  on  in  this  report,  and  the  work  which  has  so  far  boon  dono  leaves  much  that 
is  uncertain  and  many  questions  the  solution  of  which  can  not  even  be  attempted  until  new 
types  of  instruments  and  more  accurate  experimental  methods  have  been  devised. 

There  arc  three  methods  which  havo  boon  suggostcd  and  employed  to  some  extent  for  find- 
ing tho  lift  in  flight.  The  first  two  pormit  of  the  determination  of  tho  lift  of  separate  parts  (in 
particular,  the  wings),  while  tho  third,  tho  simplest,  and  the  only  ono  which  has  been  used  in  the 
work  done  at  Langley  Field,  gives  only  tho  lift  coefficients  for  the  airplane  as  a  whole.  The  first 
and  most  obvious  of  those  methods  proposes  the  measurement  of  the  lift  of  any  part  by  the 
interposition  of  weighing  devicos  between  that  part  and  the  remainder  of  the  airplane.  For 
example,  the  wing  hinges  might  bo  attached  to  the  body  through  the  medium  of  springs. 
There  has  been  a  great  deal  of  discussion  of  tho  possibilities  of  this  method,  but  tho  mechanical 
difficulties  are  considerable,  and  not  much  actual  work  has  been  done.  The  second  method 
depends  on  tho  measurement  of  tho  pressure  at  a  large  number  of  points  on  the  surfaco  of  the 
wings  (and,  if  desired,  on  the  tail  of  tho  body)  and  tho  determination  of  tho  total  lift  by  the 
integration  of  those  prossures  over  the  whole  surface.  This  has  been  used  to  somo  extent 
in  England,  and  similar  work  is  planned  for  Langley  Field  during  the  coming  year.  The  pres- 
sures can  be  moasurod,  once  the  apparatus  is  satisfactorily  constructed,  with  great  ease  and  accu- 
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racy,  and  the  only  errors  to  which  the  method  is  subject  are  those  inherent  in  all  free-flight 
measurements. 

The  third  method  is,  as  was  just  noted,  the  simplest,  in  that  it  requires  the  least  special 
apparatus.  In  the  equation  L  =  L0X-  X  V*  it  is  known  that  L  is  equal  to  the  weight  of  tho  ma- 
chine when  the  flight  path  is  horizontal,  and  that  it  departs  only  very  slightly  from  that  figure 
for  any  ordinary  inclination  of  the  path  (short  of  a  steep  dive).  Since  p  can  be  computed  from 
measurements  of  the  pressure  and  temperature,  the  determination  of  L0  requires  only  tho  meas- 
rement  of  V.  As  a  matter  of  fact,  since  the  air-speed  meter  records  not  the  true  speed  but  the 
product  of  Vx  Vp/Po,  tho  term  pig  can  be  eliminated  by  the  substitution  of  indicated  for  true  air 
Speed,  and  the  equation  abovo  can  be  written: 

L-L0CVa, 

Where  C  is  a  correction  constant  taking  into  account  the  gravity  constant  g  and  tho  conversion 
factor  changing  Vj  from  miles  per  hours  to  feet  per  second.  Although  a  small  part  of  the  lift  is 
due  to  the  body  and  the  tail  surfacos  have  a  substantial  offect  at  somo  angles,  it  is  convenient  to 
divido  tho  lift  by  tho  wing  area  and  writo  tho  above  equation  in  tho  form 

L  =  LCCAV2, 

With  a  good  moter  and  careful  calibration  the  air  speed  can  certainly  be  determined  with  an 
error  of  less  than  1  mile  per  hour  and  probably  less  than  J  mile  per  hour,  and  tho  lift  coefficient 
at  any  given  instant  during  a  flight  can  therefore  bo  computed  very  accurately.  In  substitut- 
ing for  L  in  tho  characteristic  equation,  allowanco  has  to  bo  made  for  tho  progressive  diminu- 
tion of  weight  by  the  comsumption  of  fuel  and  for  the  direct  balancing  of  part  of  the  weight 
of  tho  machine  by  the  vertical  component  of  the  propeller  thrust. 

Since  the  lift  coefficient  is  a  function  of  angle  of  attack,  it  is  of  very  littlo  uso  to  computo  the 
value  of  the  coefficient  at  any  instant  during  a  flight  uidcss  this  anglo  at  the  samo  instant  is 
known,  and  it  is  in  tho  determination  of  this  anglo  that  tho  greatest  difficulties  ariso.  Tho  conven- 
tional type  of  "incidonco  indicator,"  ombodying  a  pivoted  vano  and  two  Pitot  tubes  at  a  consider- 
able angle  to  each  other  or  a  sphero  piorcod  with  two  holos,  is  useless  unless  some  othor  moans  is 
employed  to  calibrate  it  in  position,  as  tho  instrument  has  to  bo  placed  in  air  disturbed  by  tho 
passage  of  the  airplane,  and  the  motion  of  tho  instrument  relativo  to  this  disturbed  air,  as  already 
noted  in  connection  with  the  calibration  of  tho  air-speed  meters,  may  bo  of  quito  a  different 
nature  from  its  motion  rolativo  to  the  air  at  a  great  distance.  The  disturbance  of  tho  airby  the 
wings  extends  to  so  great  a  distance  (three  or  four  chord  lengths)  in  front  of  tho  leading  edge 
that  it  is  impracticable  to  carry  tho  incidence  indicator  far  enough  forward  entirely  to  escape 
tins  disturbance. 

Since  the  angle  of  attack  is  tho  inclination  of  the  wings  to  the  relativo  wind,  it  is  equal  to 
the  difference  between  the  inclination  of  the  wings  to  any  fixed  reference  plane  and  the  inclination 
of  the  relativo  wind  to  the  same  plane.  In  particular,  the  angle  of  attack  can  be  determined  if 
instruments  are  available  which  will  give  the  angles  between  any  line  fixed  in  the  airplane 
and  the  horizontal  and  between  the  relativo  wind  and  the  horizontal.  Tho  first  of  the  these  angles 
is  given,  provided  that  the  machine  is  in  steady  rectilinear  flight,  by  a  liquid  longitudinal  in- 
clinometer. The  second  can  not  readily  bo  determined  directly,  but  the  inclination  of  the  flight 
path  to  tho  horizontal  is  given  by  a  rate-of-climb  meter  in  conjunction  with  an  air-speed  moter, 
and  this  is  equivalent  to  tho  inclination  of  the  relative  wind  if  the  movement  of  the  air  is 
exactly  horizontal.  In  the  particular  case  where  the  flight  path  is  level  the  rate-of-climb  meter 
can  be  replaced  by  a  statoscopc.  The  largest  error  in  the  determination  of  angle  of  attack  by 
this  method  arises  from  tho  assumption  that  the  air  moves  only  horizontally.  An  ascending 
current  having  a  velocity  of  only  1  foot  per  second  changes  the  angle  of  attack,  for  a  given 
attitude  of  the  machino  relative  to  the  earth,  by  nearly  0°.7  at  an  air  speed  of  60  miles  per 
hour.  This  is  a  very  gentle  ascending  curront,  and  it  will  be  shown  later  that  vertical  currents 
which  have  actually  been  encountered  during  these  experiments  have  affected  tho  apparent  angle 
of  attack  by  more  than  1°. 

The  statoscopo  used  is  shown  in  figure  9.  The  tube  was  kept  soparato  from  the  vacuum 
flask,  instead  of  mounting  both  in  one  case  as  is  customary,  in  order  that  the  flask  might  be 
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placed  behind  the  instrument  board  and  the  space  occupied  on  the  board  be  kept  down  to  a 
minimum.  The  use  of  the  statoscope  makes  it  practicable  to  keep  the  mean  rate  of  climb  or 
descent  down  to  20  feet  per  minute  except  at  very  large  angles  of  attack,  and  a  rate  of  climb 
of  20  feet  per  minute  affects  the  anglo  of  attack  at  60  miles  per  hour  by  less  than  0°.25. 

The  ordinary  commercial  type  of  longitudinal  inclinometer  proved  unsatisfactory,  first, 
because  the  scale  was  not  open  enough  to  permit  the  angles  to  be  read  as  closely  as  was  desired, 
and,  second,  because  the  face  of  the  instrument  was  perpendicular  to  the  instrument  board.  The 
observer's  eye  being  well  above  the  board,  the  observer  looked  down  on  top  of  the  meniscus  and 
across  it  at  the  scale  behind,  and  the  parallax  error  was  large.  An  instrument  was  designed  to 
obviate  these  difficulties,  and  is  shown  assembled  in  figure  10.  Figure  11  illustrates  the  tube 
removed  from  the  case.  The  front  tube  and  scale  make  an  angle  of  20°  with  the  surface  which 
rests  against  the  instrument  board.  The  mean  distance  between  the  two  surfaces  of  the  column 
of  liquid  is  8  inches.  The  scale  is  divided  in  degrees,  the  divisions  being  roughly  one-eighth 
inch  apart,  and  it  is  easy  to  estimate  to  0°.l.  The  liquid  is  a  mixture  of  glycerin  and  alcohol, 
colored  with  red  ink.  The  damping  of  oscillations  depends  on  the  viscosity  of  the  liquid,  and 
this  can  be  controlled  by  varying  the  proportions  of  alcohol  and  glycerin.  The  tube  is  con- 
stricted at  one  point  to  increase  the  damping.  Parallax  was  avoided  by  mounting  a  mirror 
beside  the  instrument,  the  observer  bringing  the  reflection  of  his  eye  in  line  with  the  meniscus. 

It  unfortunately  has  not  been  possible  to  base  the  measurements  of  the  drag  entirely  on 
data  obtained  in  flight,  as  no  satisfactory  means  of  measuiing  the  propeller  thrust  is  available 
as  yet.  It  is  therefore  necessary  to  rely  on  a  wind  tunnel  test  for  the  propeller  characteristics. 
A  partial  check  can  be  obtained  on  the  wind  tunnel  results  by  measuring  the  slip-stream  veloc- 
ity, as  described  in  another  section  of  the  report.    Knowing  the  revolutions  per  minute  and 

the  true  air-speed,  the  value  of         the  pro- 
peller slip  function,  can  be  computed,  and  the 
thrust  can  then  be  determined  from  a  curve 
V 

of  Tc  against       •  The  equation  for  thrust  is: 
T  =  TcXp/0XV2xDJ 
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Since,  as  in  the  case  of  the  lift 
V|2,  this  may  be  written: 

T=TcxCxV,J 
where  C  is  a  constant  including  correction 
factors  for  units  and  D2,  which  is  constant  for 
a  given  propeller.  A  model  of  the  propellers 
used  has  been  tested  at  the  Leland  Stan- 
ford Jr.  wind  tunnel,  and  the  curves  of  Tc 
and  efficiency  are  reproduced  in  figure  12. 
Plotting  the  thrust  against  the  angle  of  attack, 
and  dividing  the  total  lift  by  the  horizontal 
component  of  thrust,  a  curve  of  L/D  can  be 
obtained. 

Serious  as  aro  the  errors  which  ascending 
and  descending  currents  produce  in  the  lift 
curve,  they  are  trifling  compared  with  those 
due  to  the  same  cause.  An  inclination  of 
through  a  corresponding  angle  the  axes  of 


which  appear  in  the  thrust  computations, 
the  relative  wind  has  the  effect  of  rotating 
lift  and  drag,  so  that  the  drag  of  the  airplane  is  opposed  not  only  by  the  thrust  but  also 
by  a  component  of  the  weight.  An  ascending  current  having  a  velocity  of  1  foot  per  second 
diminished  the  thrust  required  for  level  flight  by  9  per  cent  if  the  L/D  for  the  complete  air- 
plane is  8  and  the  machine  is  flying  at  60  miles  per  hour.    The  error  is  directly  proportional  to 


FIG.  9.— STATOSCOPE. 
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FIG.  11.— INCLINOMETER  TUBE. 


FIG.  13. — COCKPIT  AND  INSTRUMENT  BOARD  OF  NO.  1. 
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the  velocity  of  the  vertical  current  and  to  the  L/D  ratio,  inversely  proportional  to  the  speed  of 
flight.  Tf  the  rising  current  had  a  vertical  velocity  of  11  feet  per  second,  the  air  speed  and  L/D 
being  the  same  as  before,  no  thrust  would  be  required  and  the  machine  would  soar  without 
engine  power.  Such  currents  as  tins  seldom  if  ever  exist,  but  rising  and  falling  currents  of 
smaller  velocities  are  almost  omnipresent.  They  account  for  man}-  seemingly  wild  results  in 
this  and  other  similar  work,  and  the  only  way  to  eliminate  their  effects  is  to  run  a  great  number 
of  tests  of  the  same  sort,  under  all  light  and  weather  conditions  and  over  as  many  different  types 
of  terrain  as  possible,  and  then  average  the  results. 

Figure  13  shows  the  instrument  board  in  the  observer's  cockpit  of  No.  1,  with  inclinometer, 
air-speed  meter,  altimeter,  and  tachometer  installed.  The  altimeter  does  not  appear  in  this 
photograph,  being  hidden  behind  the  cowling  at  the  right.  The  arrangement  in  No.  2  is  practi- 
cally the  same. 

The  tests  were  carried  out  at  altitudes  varying  from  1,500  to  4,000  feet.  It  was  not  con- 
sidered safe,  in  view  of  the  danger  of  falling  into  a  spin  when  flying  at  large  angles  and  of  the 
possibility  of  a  forced  landing,  to  work  below  the  former  altitude.  The  altitude  chosen  on  any 
particular  day  depends  chiefly  on  air  conditions,  the  climb  being  continued  far  enough  to  escape, 
the  "bumps"  frequently  found  near  the  ground.  Each  "run"  continued  for  from  1  to  2  min- 
utes, the  pilot  being  instructed  to  fly  level  (using  the  statoscopc  to  detect  changes  in  altitude) 
and  at  a  constant  air  speed  during  that  period.  The  observer  read  and  recorded  the  readings  of 
the  air-speed  meter,  the  inclinometer  and  the  tachometer  every  10  seconds,  and  noted  the  altim- 
eter reading  and  the  air  temperature  at  the  beginning  of  each  run.  The  pilot's  task  was  a 
very  difficult  one,  for  he  had  constantly  to  watch  the  statoscope  and  air-speed  meter,  in  ad- 
dition to  holding  the  machine  steady  laterally  and  watching  out  for  other  airplanes.  Besides 
all  this,  when  flying  over  the  speed  course  to  calibrate  the  meter  the  pilot  had  to  steer  a  straight 
course  over  the  ground  between  the  two  observing  stations.  Test  flying  is  a  very  highly  special- 
ized branch  of  work,  the  difficulties  of  which  are  not  generally  appreciated,  and  there  is  no  t}'pe 
of  flying  in  which  a  difference  between  the  abilities  of  pilots  thoroughly  competent  in  ordinary 
flying  becomes  more  quickly  apparent.  Most  of  the  piloting  for  the  committee  has  been  done 
by  Mr.  E.  T.  Allen  and  Lieut.  H.  M.  Cronk,  but  seven  other  pilots  have  been  used  on  one  or  more 
occasions. 

In  order  to  determine  the  minimum  speed  in  steady  flight  and  to  secure  data  for  comparison 
with  wind  tunnel  tests  over  the  whole  range  of  angles  customarity  covered  by  the  latter,  it  was 
necessaiy  to  fly  horizontally  at  an  angle  at  least  equal  to  the  angle  of  maximum  lift  and  as  much 
larger  as  possible.  The  procedure  in  attaining  these  high  angles  was  to  throttle  the  engine  to 
the  lowest  speed  at  which  level  flight  could  be  maintained,  and  then  open  the  throttle  gradually, 
drawing  the  stick  back  at  the  same  time.  The  airplane  can  thus  bo  flown  level  in  a  very  badly 
stalled  condition,  the  action  of  the  longitudinal  controls  being  reversed  (i.  e.,  if  the  machine  is 
losing  altitude  it  is  necessary  to  decrease  the  angle  of  attack,  pushing  the  stick  forward,  in  order 
to  ascend).  Furthermore,  the  airplane  is  very  unstable  laterally  at  angles  in  excess  of  12°  or 
13°,  and  it  is  prone  to  fall  off  into  side  slips.  Most  pilots,  in  trying  to  fly  at  extremely  high 
angles  for  the  first  time,  are  unable  to  keep  the  machine  in  equilibrium  for  more  than  a  few 
seconds.  One  of  the  pilots  flying  for  the  committee,  after  considerable  practice,  became  very 
skillful  in  this  work  and  found  it  possible,  given  favorable  weather  conditions,  to  maintain 
steady  level  flight  for  an  indefinite  period  with  the  throttle  wide  open  and  the  machine  stalled 
to  an  angle  of  attack  of  18°  or  a  little  more.  The  ailerons  alone  are  very  ineffective  in  main- 
taining lateral  stability  at  large  angles,  as  any  raising  of  one  aileron  greatly  diminishes  the  drag 
on  that  portion  of  the  wing,  while  drawing  down  the  other  aileron  correspondingly  increases  the 
drag  there.  The  result  is  that  a  large  yawing  moment,  nearly  if  not  quite  sufficient  to  overcome 
the  effect  of  the  rolling  moment  due  to  the  ailerons,  is  produced  and  tends  to  force  the  machine 
into  a  spin.  It  is  necessary  constantly  to  use  the  rudder  in  conjunction  with  the  ailerons  to  a 
considerably  larger  extent  than  is  necessary  at  normal  angles. 
153215— S.  Doc.  166,  66-2  40 


582 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


RESULTS  OF  THE  TESTS  FOR  LIFT  COEFFICENTS. 
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A  number  of  tests  (about  10)  were  made  on  each  airplane.  Some  of  these  have  not  been 
plotted  up  or  included  in  the  averages,  either  because  they  were  not  extended  over  a  large 
enough  range  of  angles  or  because  they  contained  results  which  were  self-contradictory  or  be- 
cause it  was  found,  when  an  attempt  was  made  to  work  them  up,  that  essential  data  were  lack- 
ing. In  selecting  tests  to  be  incorporated  in  the  final  tabulation  no  attempt  was  made  to  pick 
those  which  would  check  well  with  each  other,  and  the  results  were  not  even  compared  until  the 
final  choice  had  been  made  and  the  computations  completed.  In  order  to  indicate  the  degree 
of  consistency  obtained  among  the  various  factors  on  successive  observations  in  one  typical 
flight,  tile  angle  of  attack,  as  determined  by  the  inclinometer,  is  plotted  against  the  indicated 
air  speed  in  figure  14.    As  already  noted,  observations  on  the  two  instruments  were  taken 

every  10  seconds,  and  each 
pair  of  readings  is  plotted 
as  a  separate  point.  Where 
two  or  more  readings  corre- 
sponded to  exactly  the  same 
point  the  fact  is  indicated  by 
the  proper  number  of  con- 
centric circles.  There  are 
about  50  points  represented 
in  figure  14,  yet  there  are 
only  two  or  three  which  de- 
part from  a  smooth  curve  by 
more  than  one-half  degree. 

Figure  15  gives  the  curve 
of  Lc  against  angle  for  No. 
2,  with  all  the  points  com- 
puted from  four  tests 
marked.  At  angles  of  at- 
tack up  to  10°  the  agreement 
among  the  four  curves  is 
fully  as  good  as  would  be 
expected  for  a  like  number 
of  wind-tunnel  tests  on  the 
same  model.  Beyond  that 
angle  they  begin  to  diverge, 
but  three  of  the  four  sets  of 
points  stay  close  together 
throughout.  The  very  large  discrepancy  between  these  three  andjthe  fourth  at  large  angles  may  be 
explained  by  the  failure  of  the  pilot  in  the  July  30  test  to  hold  the  path  level.  In  seeking  to  fly 
at  the  lowest  possible  speed,  he  probably  allowed  the  machine  to  settle  or  "pancake, "  so  that 
the  true  lift  was  less  than  the  weight  of  the  airplane. 

The  mean  lift  curves  for  No.  1  and  No.  2  are  brought  together  in  figure  16.  The  difference 
between  the  two  is  unfortunately  not  so  small  as  that  between  the  curves  for  the  various  tests  on 
a  single  machine,  and  the  reason  for  the  discrepancy  is  not  apparent.  The  difference  between 
the  two  machines  certainly  is  not  great  enough  to  account  for  it,  although  the  reserve  tank  in 
the  upper  wing  of  No.  1  might  affect  the  lift  by  a  small  amount.  However,  even  if  the  differ- 
ence between  the  two  lift  curves  be  regarded  as  wholly  due  to  error  in  the  experiments,  the  two 
are  nearly  enough  alike  to  indicate  the  general  form  of  the  curve  and  to  permit  of  interesting 
deductions. 
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The  most  important  result  that  can  be  drawn  from  such  work  as  this  relates  to  the  compari- 
son between  free-flight  and  wind-tunnel  results.  It  has  not  been  possible  as  yet  to  have  an 
accurate  model  of  the  JN4H  made  up  for  wind-tunnel  test,  but  a  great  deal  of  work  has  been  done 
on  the  JN21,  and  this  can  be  used  as  a  basis  of  comparison.  The  JN2  has  an  Eiffel  36  wing-sec- 
tion, like  the  JN4H,  but  it  differs  from  the  latter  in  that  its  wings  are  of  equal  span  and  in  a  num- 
ber of  other  details.  The  JN2  has  a  larger  down  load  on  the  tail  than  has  the  4H,  as  will  be 
shown  in  connection  with  the  discussion  of  balance,  and  the  actual  lift  of  the  wings  must  there- 
fore be  greater.  It  would  then  be  expected,  other  things  being  equal,  that  the  lift  coefficients 
here  computed,  which  ignore  the  tail  load  entirety,  would  be  a  little  smaller  for  the  2  than  for 
the  4H,  but  the  difference  would  hardly  exceed  3  per  cent. 


0°      Z°   y4°    6°     8°     10°    IZ°    f4°    16"    16°   Z0°        0°     <?°     4°    6°     d"    10"    K°    14°   16°    18°  ZO° 


A  ng/e  of  offack.  A  ng/e  of  aftock . 

Figure  15.  Figure  16. 

The  lift  coefficient  for  the  JN2  model  and  the  mean  coefficient  for  the  two  full-sized  machines 
are  given  in  figure  17.  The  coefficients  for  the  model,  like  those  for  the  full-sized  machine,  art 
based  on  the  lift  of  the  whole  airplane  and  not  on  that  of  the  wings  alone.  The  two  curves  rur 
fairly  close  together  up  to  6°,  although  the  lift  of  the  model  is  distinctly  the  larger,  even  when  allow- 
ance is  made  for  the  effect  of  the  difference  in  tail  load  just  mentioned.  The  model  lift  coeffi- 
cient at  angles  below  6°  is  larger  than  that  given  by  the  free-flight  tests  for  either  No.  1  or  No.  2. 
At  angles  in  excess  of  6°  the  model  lift  coefficient  begins  to  drop  off  rapidly  by  comparison  with  the 
free-flight  values.  The  burble  point  for  the  former  comes  at  an  angle  nearly  4°  smaller  than  that 
for  the  latter,  and  its  maximum  lift  is  about  15  per  cent  less,  so  that  the  minimum  speed,  or,  as  it  is 
usually  called,  landing  speed,  computed  from  the  model  test,  would  be  three  miles  an  hour  higher 
than  that  found  by  experiment.    Actually,  however,  the  model  test  gives  the  practicable  land- 
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ing  speed  more  closely  than  does  the  free-flight  test,  for  the  customary  angle  of  attack  in  a  good 
landing  is  about  12°,  an  angle  at  which  the  lift  coefficient  is  almost  exactly  equal  to  the  maximum 
lift  coefficient  of  the  model.  In  order  to  land  the  machines  which  were  the  subject  of  these  tests 
at  the  lowest  speed  at  which  they  can  be  flown,  the  tail  skid  would  have  to  touch  the  ground 
while  the  wheels  were  still  1G  inches  above  its  surface  (assuming  the  downward  slope  of  the 
flight  path  at  the  instant  of  making  contact  to  be  2°).  As  every  pilot  will  recognize,  a  landing  in 
such  an  attitude  would  be  distinctly  unusual, to  say  the  least.  As  has  already  been  pointed  out, 
it  requires  exceptional  skill  to  fly  at  angles  of  15°  or  more,  and  it  would  not  be  safe  for  any  pilot 
to  attempt  it  near  the  ground.  It  is,  therefore,  evident  that  the  burble  point  is  of  very  little 
practical  interest  in  airplane  design,  as  it  is  improbable  that  any  pilot  ever  flies  his  machine  at 

that  angle  voluntarily  except  for  a  very  brief  in- 
terval in  the  course  of  a  stunt  or  when  testing  for 
minimum  speed.  Whether  or  not  the  rule  hinted 
at  above,  that  the  lift  coefficient  at  the  largest 
angle  practicable  for  steady  and  safe  flight  is 
approximately  equal  to  the  maximum  lift  co- 
efficient of  the  model  is  justified  for  general  use 
can  only  be  determined  by  tests,  similar  to  those 
described  in  this  report,  on  many  different 
machines  using  wing  sections  of  different  forms. 
The  methods  now  used  seem  to  give  a  good  ap- 
proximation to  the  landing  speed,  at  least  in 
this  case,  but  it  should  be  'distinctly  under- 
stood in  applying  them  that  the  machine  when 
landing  is  not  flying  at  or  very  near  to  its 
critical  angle.  In  view  of  this  fact,  it  is  prob- 
able that  the  menace  of  an  "unstable  lift 
curve"  which  breaks  sharply  after  passing  the 
burble  point,  has  been  exaggerated,  as  the 
unstable  portion  of  the  curve  is  unlikely  ever 
to  be  reached  in  normal  flight,  judging  from 
the  indications  of  these  tests  as  to  the  changed 
position  of  the  burble  point  and  the  behavior 
of  the  airplane  in  that  neighborhood. 

One  of  the  tests  for  lift  coefficient  on  No.  2 
incidentally  gave  some  interesting  data  on  the 
magnitude  of  vertical  air  currents.  Some  of 
the  runs  during  this  flight  were  made  over  the 
water  (Hampton  Roads)  at  a  maximum  distance  of  about  a  mile  from  the  land  and  others,  at 
nearly  the  same  speeds,  over  the  land.  When  the  results  were  worked  up  it  was  found  that  the 
runs  over  the  water  and  those  over  the  land  gave  two  distinct  sets  of  curves,  and  that  the  angle 
of  attack  for  a  speed  of  78  miles  per  hour  was  greater  by  1°  on  the  first  set  than  on  the  second. 
This  leads  to  the  conclusion  that  the  air  was  descending  over  the  water  or  ascending  over  the 
land  or  both,  and  that  the  vertical  velocity  of  the  air  in  one  place  relative  to  that  in  the  other 
was  120  feet  per  minute.  This  is  undoubtedly  an  exceptional  condition,  as  subsequent  tests, 
although  they  frequently  showed  a  difference  in  angle  with  the  kind  of  country  over  which  the 
machine  was  passing,  indicated  no  other  vertical  velocities  as  large  as  that  just  mentioned.  It 
should  be  noted  that  the  flight  just  described  took  place  in  the  morning,  on  a  sunny  day,  and  that 
all  the  observations  were  taken  at  a  height  of  2,700  feet.  Since  the  results  obtained  on  the  runs 
over  the  land  checked  well  with  the  other  tests  on  the  same  machine  it  is  probable  that  the 
vertical  velocity  there  was  not  very  large,  and  that  most  of  the  relative  movement  deduced  was 
due  to  a  downward  motion  of  air  over  the  bay,  or  at  least  over  that  portion  of  it  covered  by 
the  flight. 
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A  much  disputed  question  relates  to  the  effect  of  the  slip-stream  on  the  lift  of  an  airplane. 
Although  no  attempt  at  quantitative  measurements  in  inclined  flight  has  as  yet  been  made,  the 
minimum  speed  attainable  has  been  observed  under  various  conditions  of  engine  operation,  and 
no  indication  of  a  marked  slip-stream  effect  on  lift  has  been  apparent.  Some  such  effect  probably 
exists,  but  it  is  certainly  small.  The  minimum  speed  with  throttle  wide  open  is,  to  be  sure,  some- 
what less  than  the  minimum  speed  in  gliding,  but  the  difference  is  not  too  large  to  be  accounted 
for  by  the  lesser  total  lift  in  the  first  case,  due  to  the  vertical  component  of  the  thrust-balancing 
part  of  the  weight  of  the  machine  directly. 

RESULTS  OF  THE  TESTS  FOR  DRAG  COEFFICIENTS. 

In  working  up  the  results  of  the  tests  for  drag  the  procedure  followed  was  in  general  analo- 
gous to  that  just  described  for  lift.  The  primary  curve,  corresponding  to  the  plot  of  inclinometer 

readings  against  speed,  was  one  of       against  angle  or  speed  (usually  the  latter).    Such  a  curve 

for  a  singlo  flight  is  given  in  figure  18,  each  point  representing  a  single  pair  of  readings  (of  air- 
speed meter  and  tachometer).  It  wTill  be  noted  that  the  points  do  not  lie  on  the  curve  with  any 
such  exactness  as  do  those  in  figure  14,  and  that  they  separate  into  little  groups.  Each  group 
of  points  includes  the  readings  taken  during  a  run  in  a  straight  line  and  at  an  approximately 
constant  speed,  and  each  group  defines  a  little  curve  of  its  own,  the  slopes  of  these  short  subsidiary 
curves  being  considerably  greater  than  that  of  the  mean  curve  connecting  them.  This  apparent 
discrepancy  is  due  to  the  inertia  of  the  airplane,  which  causes  it  to  delay  appreciably  in  respond- 
ing to  changes  of  condition.  For 


Hi 

'ALO 

CSC 

ro 

IAS 

WGL 

fGH 

4 

o 

L 

o 

4- 

'} 

f 

4> 



7 

e 

> 

i 

example,  if  the  engine  speed  drops 
slightly  from  any  cause,  there  is  a 
distinct  interval  before  steady  con- 
ditions are  restored  by  a  decrease 
in  air  speed  and  an  increase  in  an- 
gle of  attack,  and  if  the  engine 
speed  returns  to  its  original  value 
after  a  few  seconds  the  air  speed 
will  hardly  have  changed  percep- 
tibly in  the  meantime.  If,  on  the 
other  hand,  the  air  speed  changes, 
the  engine  speed  responds  almost 
instantly.  If,  for  example,  the  air  ^ 
speed  increases,  the  angle  of  attack 
of  the  propeller  blades  against  the 
air  falls  off,  the  resisting  torque 
of  the  propeller  decreases,  and 
there  is  an  unbalanced  torque 
tending  to  speed  up  the  rate  of 
rotation.  Since  the  moment  of  in- 
ertia of  the  rotating  parts  is  small, 
the  response  to  this  accelerating 
torque  is,  as  already  noted,  very 
rapid.  The  result  is  that  N  can 
make  considerable  momentary 
changes,  producing  a  correspond- 
ing effect  in  without  appreciably  affecting  V,  but  that  any  change  in  Vis  promptly  fol- 
lowed by  the  corresponding  change  in  N,  and  the  points  obtained  during  a  short  run  with  the 

V 

conditions  nearly  but  not  quite  constant  therefore  plot  as  a  line  nearly  parallel  to  the  axis  of 
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The  difference  between  successive  tests  was,  as  would  be  expected,  greater  than  in  the  case 
of  the  lift  coefficient,  both  because  of  the  very  large  effect  of  vertical  currents  and  because  of  the 
failure  of  the  pilots  in  some  cases  to  keep  the  path  level.  The  extreme  results  for  a  given  angle, 
however,  seldom  varied  by  more  than  10  per  cent.  The  errors  in  the  determination  are  much 
greater  at  very  large  and  at  very  small  angles  than  at  those  in  the  neighborhood  of  the  maximum 
L/D,  partly  because  there  were  few  tests  which  extended  to  very  large  angles.  Even  those  tests 
which  covered  the  full  range  of  angles  spread  out  widely  at  the  ends  of  the  curves,  although  very 
closely  bunched  in  the  intermediate  portion.  There  was,  as  will  be  seen  a  little  later,  a  marked 
difference  between  the  results  for  the  two  machines,  exceeding  10  per  cent  for  a  considerable 
range  of  angles.  Tins  difference  can  be  attributed  largely  to  the  difference  in  the  propellers,  a 
difference  already  noted  in  the  first  part  of  the  report,  and  it  is  probable  that,  since  the  propeller 
used  on  No.  2  was  the  more  warped,  the  results  given  for  the  drag  and  L/D  on  No.  1  are  more 
accurate  than  are  those  for  No.  2.  A  test  was  made  with  the  propellers  interchanged,  and  the 
results  obtained  from  No.  2  on  that  occasion  checked  very  well  with  the  mean  curve  for  No.  1 . 

The  mean  curves  of  thrust  for  the  two  machines  are  given  in  figure  19.  These  curves  call 
for  no  special  comment,  their  general  form  being  evident.    The  thrust  for  a  given  angle  varies 
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with  the  loading  of  the  airplane,  and  the  curves  therefore  are  somewhat  indefinite,  but  thev 
represent  the  average  condition  in  the  JN  in  level  flight  satisfactorily.  The  thrust  given  in  theso 
curves  is  that  corresponding  to  standard  atmospheric  density. 

The  curves  of  horsepower  required  for  level  flight  at  standard  density  are  given  in  figure  20. 
The  curve  for  horsepower  available  is  plotted  on  the  same  sheet,  its  form  being  based  on  the 
efficiency  curve  for  the  propeller,  as  determined  at  Leland  Stanford  Junior,  and  on  the  computed 
variations  of  engine  speed  with  air  speed,  the  throttle  remaining  wide  open  at  all  times  and  the 
engine  torque  being  assumed  constant.  In  order  to  make  the  intersection  of  the  curves  check 
with  the  maximum  speed  as  determined  by  test  it  was  necessary  to  take  the  engine  horsepower 
as  130  (a  value  which  appears  reasonable,  as  the  engines  had  seen  a  considerable  amount  of 
service  and  would  not  turn  up  beyond  1 ,530  revolutions  per  minute  in  level  flight  with  the  propeller 
normally  used  on  No.  1,  or  1,570  revolutions  per  minute  with  that  used  on  No.  2).  It  will  be 
noted  that  the  curves  of  horsepower  available  and  required  have  their  second  intersection  at  an 
angle  a  little  smaller  than  the  burble  point.    This  checks  very  well  with  the  observed  fact  that, 
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with  the  throttle  wide  open  and  the  machine  flying  level,  it  was  not  quite  possible  to  reach  the 
burble  point.  This  is  shown  by  the  mean  lift  curves,  which  stop  just  short  of  the  critical  angle. 
This  coincidence  of  computed  and  observed  results  at  the  lower  end  of  the  horsepower  curve 
affords  additional  reason  for  confidence  in  the  validity  of  tho  method  employed  for  using  wind- 
tunnel  data  on  the  propeller  in  conjunction  with  measurements  on  the  complete  airplane  in  freo 
flight. 
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Figure  20. 

The  air  speed  for  best  climb  is  deduced  from  tho  horsepower  curves  to  be  06  miles  per  hour. 
No  thorough  tests  on  climb  have  been  made,  but  the  air  speeds  adopted  by  the  pilots  who  have  flown 
those  machines,  when  they  desired  a  maximum  rate  of  ascent,  have  ranged  from  48  to  57  miles  per 
hour,  with  the  most  skillful  and  experienced  pilots,  in  most  cases,  choosing  a  speed  nearer  to  48  than 
to  to  57.  It  appears,  then,  that  the  air  speed  which  would  be  recommended  as  a  result  of  the  study  of 
tho  curves  of  figure  20  is  very  nearly  correct,  but  probably  a  little  on  tho  high  side.  This  is  rather 
surprising,  as  tho  effect  of  tho  increased  slip-stream  velocity  with  tho  machine  climbing  with 
wide-open  throttle  would  presumably  be  to  raise  tho  speed  for  minimum  horsepower  required, 
and  the  spood  for  best  climb  predicted  from  these  curves  would  therefore  bo  expected  to  be  a 
little  low.  In  any  case,  however,  tho  discrepancy  is  small,  and  the  climbing  speod  is  so  nearly 
tho  same  for  all  speeds  from  50  to  60  miles  per  hour  that  tho  difference  can  hardly  bo  detected. 
Tho  climbing  speed  for  No.  1  is  computed  from  the  horsepower  curves  to  be  585  feet  a  minute. 
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Although,  as  already  noted,  no  accurate  determinations  of  the  rate  of  climb  have  been  made,  such 
observations  as  have  been  taken  indicate  a  maximum  rate  somewhat  less  than  585  feet  a  minute. 
This  is  what  would  be  expected,  the  difference  being  due  to  the  increased  slip-stream  effect  with 
open  throttle.  The  curve  of  horsepower  required  computed  from  the  JN2  model  test,  with  due 
allowance  for  the  difference  in  weight  between  the  JN2  and  the  JN4H,  is  also  plotted  in  figure  20. 
It  chocks  well  with  the  free  flight  curves  except  at  extremo  high  and  low  speeds.  From  the  curves 
of  thrust  thoso  for  L/D  can  bo  derived,  and  the  mean  curves  for  the  two  machines,  together  with 
that  for  the  JN2  model  roforred  to  in  connection  with  the  lift  coefficients,  are  given  in  figure  21 . 
The  curves  for  No.  1  and  No.  2  are  nearly  parallel  except  at  small  angles,  where  thero  appeal's 
a  marked  difference  of  slope  similar  to  that  which  characterized  the  lift  curves.  Bearing  in 
mind  the  fact  that  the  curve  for  No.  1  is  undoubtedly  more  accurate  than  that  for  No.  2,  it  is 
apparent  that  the  correspondence  botween  the  L/D  for  the  JN2  model  and  that  determined 
in  free  flight  for  the  JN4H  is  reasonably  good,  ft  is  rather  dangerous  to  draw  line  conclusions 
from  this  correspondence,  in  view  of  the  difference  between  the  JN2  and  the  JN4H,  but  the  sepa- 
ration between  the  curves  is  hardly  greater  at  any  point  than  the  combined  possible  experimental 
errors,  and  the  maxima  differ  by  only  2  per  cent  (if  the  curve  for  No.  1  bo  taken  as  correct). 
The  indication  is  that  the  slip-stream  effect  and  the  various  crudities  of  construction  on  tho  model 
(such  as  the  use  of  round  wire  interplane  struts)  are  almost  exactly  counterbalanced  by  tho 
"scalo  effect"  and  by  tho  offoct  of  the  omissions  of  wires,  fittings,  etc.,  from  the  model.  In 
order  to  obtain  quantitative  data  on  the  slip-stream  effect  tests  in  inclined  flight  will  bo  necessary. 

VELOCITIES  IN  THE  SLIP  STREAM. 

Iri  order  to  measure  the  velocity  in  the  slip  stream  and  compare  it  with  tho  velocity  com- 
puted from  the  results  of  model  tests  on  the  propeller  a  pitot-venturi  head,  exactly  like  tho  ono 
used  for  measuring  the  air  speed,  was  attached  to  the  forward  left  center  section  strut.  The 
mouth  of  the  tube  was  3.92  feet  behind  the  trailing  edge  of  the  propeller,  and  the  axis  of  the  venturi 
was  2.72  feet  radially  from  the  propeller  axis.    Tho  regular  air-speed  head  and  the  ono  in  the 
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slip  stream  were  both  connected  to  the  same  meter  through  the  medium  of  two  valves,  which 
made  it  possiblo  to  change  readily  from  one  to  the  other,  and  to  read  the  air  speed  or  slip-stream 
velocity,  as  might  be  desired.  The  readings  secured  in  this  way  aro,  of  course,  not  highly  accu- 
rate, as  the  slip-stream  velocity  includes  a  considerable  tangential  component,  the  magnitude  of 
this  swirl  varying  with  the  air  speed  and  engine  speed.  The  air  therefore  meets  the  tubes  ob- 
liquoly,  and  the  reading  of  the  meter  is  probably  lower  than  the  true  velocity.  The  error  in 
velocity  should  not,  however,  be  more  than  5  per  cent,  and  the  results  obtained  will  at  loast 
servo  to  give  an  idea  of  the  relation  between  slip-stream  volocity  and  the  factors  which  control  it. 

The  procedure  in  theso  tests  was  to  set  the  throttle  at  a  fixed  position,  and  to  fly  the  ma- 
chine at  a  number  of  different  air  speeds  without  moving  the  throttle  (these  flights,  of  course, 
wero  not  level).  The  air  speeds  usod  for  each  throttle  sotting  ranged  from  90  to  42  miles  per 
hour,  with  an  occasional  divo  to  100  miles  per  hour  or  a  little  more.    Tho  ratio  of  slip-stream 

V 

velocity  to  air  speed  for  a  givon  propeller  depends  only  on       and  those  quantities  can  theroforo 

be  plotted  against  each  other.  This  has  been  done  in  figure  22,  and  it  will  be  noted  that  nearly  all 
of  tho  points  lie  close  to  a  smooth  curve  and  that  there  is  no  distinct  break  between  the  sots  of 
points  takon  at  different  throttlo  openings.  Tho  only  points  which  do  not  fit  tho  curve  are  those 
which  were  takon  with  the  engine  throttled  down  to  a  very  low  speed,  so  low  that  tho  propeller 
was  giving  no  thrust.  Tho  slip-stream  velocities  under  this  condition  wore  lower  than  they 
apparently  should  have  been. 

The  dotted  curve  in  figure  22  represents  the  velocity  ratio  computed  from  the  thrust  coef- 
ficients by  the  method  described  in  Report  No.  71.  This  curve  checks  very  well  with  the  other 
one,  and  this  check  indicates  that  the  thrust  coefficients  as  determined  in  the  wind  tunnel 
held  for  the  full-sized  machine,  and  that  the\r  are  not  very  materially  affected  by  the  presence 
of  the  body.  Of  course,  this  check  is  only  a  rough  one.  To  secure  an  accurate  comparison 
between  the  theoretical  and  actual  values  it  would  be  necessary  to  sound  the  slip-stream  thor- 
ougldy,  measuring  the  velocities  at  many  points,  but  previous  experiments  (by  Eiffel  and  others) 
indicate  that  the  velocity  is  nearly  constant  over  a  large  portion  of  the  propeller  disk  area,  and 
readings  at  a  single  point  therefore  give  some  indication  of  the  average  condition.  It  appears 
that  interference  between  the  propeller  and  the  other  parts  of  the  airplane  can  not  have  a  very 
large  effect,  as  any  very  notable  increase  in  thrust  due  to  the  presence  of  the  body  would  lead 
to  an  increased  slip-stream  velocity.  Experiments  at  the  Royal  Aircraft  Factory  1  on  a  pusher 
biplane,  have  shown  a  similarly  excellent  check  between  the  calculated  and  measured  slip- 
stream velocities. 

The  maximum  slip-stream  velocity  with  the  machine  stationar}'  on  the  ground  and  the 
engino  turning  1,400  revolutions  per  minute  was  about  80  miles  per  hour.  The  velocity  was 
very  unsteady  under  the  conditions,  the  meter  reading  varying  by  about  6  miles  per  hour 
almost  instantaneously.  This  irregularity  of  flow  was  no  doubt  due  in  part  to  interference 
of  the  ground,  but  the  flow  in  the  slip-stream  was  in  general  more  irregular,  and  the  velocity 
fluctuated  more  rapidly  and  through  a  larger  range  at  low  speeds  than  at  high. 

LONGITUDINAL  BALANCE. 

The  factor  on  which  the  longitudinal  balance  of  an  airplane  primarily  depends,  and  to  any 
variation  in  which  it  is  always  highly  sensitive,  is  the  position  of  the  center  of  gravity  of  the  ma- 
chine. The  first  step,  then,  in  any  study  of  balance  and  of  the  action  of  the  controls  is  to  deter- 
mine as  accurately  as  possible  the  position  of  the  C.  G.  with  regard  both  to  its  vertical  and  its 
horizontal  co-ordinates. 

The  method  used  in  finding  the  location  of  the  center  of  gravity  was  the  usual  one  of 
weighing  the  machine  on  three  pairs  of  scales,  one  under  each  wheel  and  one  under  the  tail 
skid,  first  with  the  tail  skid  and  wheels  on  the  same  level  and  then  with  the  tail  raised.  The 
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tail  can  be  raised  enough,  without  overbalancing  the  machine,  to  rotate  it  through  an  angle 
of  about  15°  when  the  pilot  and  observer  are  on  board  and  through  10°  when  the  seats  are 
empty.  From  the  weights  thus  obtained  the  center  of  gravity  can  be  computed  with  a  prob- 
able error  of  less  than  0.01  foot  in  the  horizontal  co-ordinate  and  less  than  0.03  foot  in  the  vertical. 

With  a  pilot  weighing  125  pounds  in  the  front  seat  and  a  165-pound  observer  in  the  rear 
(this  being  the  crew  with  which  most  of  the  tests  were  conducted),  the  center  of  gravity  of  No.  1 
was  1.04  feet  behind  the  leading  edge  of  the  lower  wing,  2.50  feet  behind  the  leading  edge  of 
the  upper  wing,  and  0.28  foot  above  the  thrust  line,  the  axes  of  reference  being  taken  parallel 
and  perpendicular  to  the  top  longeron.  The  center  of  gravity  of  No.  2  was  0.99  foot  behind 
the  leading  edge  of  the  lower  wing,  2.44  feet  behind  the  leading  edge  of  the  upper  wing,  and  0.2 
foot  above  the  thrust  line.  The  observer  in  No.  2  weighed  only  1 25  pounds.  If  the  mean  chord 
be  taken  as  60  per  cent  of  the  way  from  the  lower  to  the  upper  chord  to  allow  for  the  larger 
area  and  larger  unit  lift  of  the  upper  wing,  the  line  through  the  C.  G.  and  perpendicular  to  the 
wing  chords  cuts  this  mean  chord  at  39  per  cent  of  its  length  from  its  leading  edge  on  No.  1  and 
35  per  cent  on  No.  2.  This  is  materially  farther  back  on  the  wings  than  the  usual  location 
for  the  C.  G. 

Since  the  balance  depends  on  moments  about  the  C.  G.,  a  small  change  of  force  on  the  tail 
planes,  acting  as  it  does  at  a  large  moment  arm,  has  an  important  effect,  and  the  angle  of  the 
stabilizer  is  therefore  of  primary  importance.  As  already  noted  in  the  general  descriptions  of 
the  machines,  the  stabilizer  is  supposed  to  lie  flat  on  the  upper  longerons.  Although  the  sta- 
bilizers were  warped  the  mean  chord  of  the  surface  was  parallel  to  the  top  longerons  within 
0°.2  on  both  machines. 

In  order  to  determine  the  angle  at  which  the  elevator  was  set  at  any  instant,  a  sector  carry- 
ing a  scale  was  fixed  to  the  elevator  rocker-arm  shaft  in  the  rear  cockpit  of  No.  1,  and  this  sec- 
tor moved  under  a  pointer  fixed  to  the  seat  rail.  No  means  of  measuring  the  control  position 
were  provided  on  No.  2,  as  the  arrangement  of  the  elevator-control  linkage  was  different  on  the 
two  machines,  and  an  entirely  new  and  somewhat  more  complicated  device  would  have  had  to 
be  designed.  The  elevator  control  wires  were  adjusted  somewhat  more  tightly  than  is  usual 
in  order  to  prevent  any  backlash.  The  elevator  position  indicator  is  shown  in  position  in 
figure  23. 

The  force  applied  to  the  stick  was  measured  by  the  instrument  illustrated  in  figure  24. 
The  knob  which  normally  caps  the  stick  was  removed,  and  the  slide  held  between  two  springs 
was  slipped  over  the  head  of  the  tube.  The  pilot  read  the  forces  directly  from  the  scale.  The 
force  indicator  was  originally  fitted  with  two  springs  of  equal  strength,  but,  as  it  was  found 
that  the  force  was  practically  always  in  one  direction,  the  springs  shown  in  the  cut  were 
substituted. 

The  elevator  positions  for  a  variety  of  air  speeds  and  engine  speeds  are  given  by  the  curves 
of  figure  25.  These  curves  were  obtained  in  the  same  way  as  were  the  points  on  the  slip-stream 
curve  (fig.  22),  each  one  relating  to  a  fixed  throttle  setting."  A  fixed  throttle  setting,  rather 
than  a  fixed  engine  power  or  number  of  revolutions  per  minute,  is  the  criterion  to  which  longi- 
tudinal balance  and  stability  should  be  related. 

Indicated  air-speed  (with  the  speed  course  correction  made)  is  used  diroctly  as  the  basis 
for  plotting  the  curves,  and  variations  of  air  density  during  the  test  are  entirely  neglected. 
The  elevator  angles  and  forces  depend  primarily  on  indicated  air-speed,  since  the  angle  of  attack 
and  the  flow  of  air  about  the  machine  are  functions  only  of  the  indicated  air-speed  and  tho 
slope  of  the  flight  path.  The  air  density  affects  the  controls  in  two  ways,  but  both  are  of  minor 
importance.  In  the  first  place,  the  slope  of  the  flight  path  for  a  given  throttle  setting  and 
indicated  air-speed  varies  with  the  air  density.  This  factor  is  insignificant.  Secondly,  the 
velocity  of  the  slip-stream  and  its  effect  on  the  controls  depend  on  the  true  speed  and  so  on  the 
density.  This  effect,  although  it  is  of  greater  magnitude  than  the  one  first  mentioned,  can 
safely  be  neglected  except  for  the  large  changes  of  destiny  experienced  in  mounting  to  great 
altitudes.    All  the  tests  described  here  were  carried  out  at  between  1,500  and  4,000  feet. 


FIG  23. — ELEVATOR  ANGLE  INDICATOR. 
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FIG.  24.— ELEVATOR  FORCE  INDICATOR. 
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Curve  No.  1  relates  to  flight  with  wide-open  throttle,  No.  5  to  gliding  descent  with  tho 
engine  throttled  down  to  idling  speed.  The  elevator  angle  is  referred  to  the  top  longerons  as  a 
datum  line,  and  is  taken  as  positive  when  the  trailing  edge  of  the  olevator  is  pulled  down.  It 
will  be  observed  that  the  curves  all  have  the  same  general  form,  and  that  the  positive  angle  of 
elevator  setting  for  equilibrium  at  any  given  speed  decreases  progressively  as  the  engine  speed 
decreases.  This  is  due  to  the  slip-stream  effect  on  the  stabilizor  and  to  the  location  of  the 
center  of  gravity  above  the  thrust  line,  both  of  these  things  tending  to  cause  the  airplane  to 
nose  down  to  a  smaller  angle  of  incidenco  as  the  throttle  is  closed  and  therefore  requiring  that 
the  elevator  be  pulled  up  in  order  to  maintain  the  same  angle  of  attack  and  the  same  air-speed. 
Translated  into  practical  terms,  this  means  that,  if  the  stick  were  locked  in  position  while  the 
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machine  was  climbing  with  open  throttle,  so  tbat  the  elevator  setting  could  not  change,  what- 
ever might  be  the  forces  acting  on  the  control  surface,  and  the  throttle  were  then  closed  the 
nose  of  the  airplane  would  drop,  and  would  continue  to  go  down  at  least  until  the  speed  of  the 
dive  reached  90  miles  per  hour,  and  probably  until  the  airplane  passed  the  vertical  and  attained 
an  up-side-down  position.  It  is,  of  course,  desirable  that  the  nose  should  drop  when  the  engine 
is  throttled  or  cut  off  completely  rather  than  that  the  machine  should  stall,  but  it  is  also  desir- 
able that  the  nosing  down  process  should  stop  at  a  determinate  point  instead  of  continuing 
indefinitely.  An  airplane  ideally  balanced  and  ideally  stable  would  continue  at  some  speed 
within  its  normal  range  and  at  a  normal  inclination  of  path,  with  the  longitudinal  control  locked 
whatever  might  be  done  to  the  throttle.  The  condition  of  locked  control,  of  course,  is  only  one 
of  several  which  may  occur.  Others,  even  more  important,  will  be  discussed  later  in  this 
section. 
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It  is  characteristic  of  the  curves  of  figure  25  that  they  have  a  maximum  point,  and  that 
their  slopes  at  high  and  low  air-speeds  are  accordingly  of  opposite  sign.  The  effect  of  this 
change  of  slope  can  best  be  illustrated  by  two  concrete  examples.  If  an  airplane  is  flying  with 
the  throttle  setting  corresponding  to  curve  No.  3,  and  at  a  speed  of  65  miles  per  hour,  and  if 
the  stick  is  then  suddonly  pushed  forward  by  an  amount  sufficient  to  increase  the  elevator 
angle  by  0°.2  and  locked  in  this  new  position,  the  primary  efFect  will  be  to  nose  the  airplane 
down,  decreasing  the  angle  of  incidence  and  increasing  the  speed,  since  the  pulling  down  of  the 
elevator  sets  up  an  unbalanced  upward  force  on  the  tail,  and  this  gives  rise  to  a  diving  moment 
about  the  center  of  gravit)7.  By  the  time  the  speed  has  increased  to  80  miles  per  hour  the 
proper  elevator  setting  for  equilibrium  is  0°.7,  but  the  surface  is  locked  at  1°.2.  There  is, 
therefore,  still  an  unbalanced  diving  moment,  larger  now  than  before,  and  the  speed  continues 
to  increase  with  a  constantly  steepening  path.  Manifestly  this  is  an  unstable  condition,  and 
it  may  be  dangerous  if  the  pilot  is  not  vigilant.  Suppose,  on  the  other  hand,  that  the  initial 
speed  was  50  miles  per  hour,  this  being  less  than  that  corresponding  to  the  maximum  elevator 
angle,  and  that  the  elevator  was  pulled  down  0.  2°  and  locked  as  before.  The  first  effect,  just 
as  in  the  other  case,  is  to  decrease  the  angle  of  incidence  and  increase  the  speed.  By  the  time 
the  speed  has  increased  about  1  mile  per  hour,  however,  a  point  is  reached  where  the  machine 
is  in  equilibrium  with  the  new  elevator  setting,  and  it  will  then  continue  in  steady  flight  at  this 
slightly  higher  speed.  Gusts  which  change  the  angle  of  attack  of  the  airplane  have  just  the 
same  effect  as  a  sudden  change  in  the  angle  of  the  elevator.  If  an  airplane  which  is  flying 
with  the  control  locked  at  a  speed  corresponding  to  the  negatively  sloping  portion  of  the  elevator 
position  curve  is  struck  by  a  gust  which  decreases  its  angle  of  attack  the  angle  will  continue 
to  decrease  without  limit.  If  the  speed  is  low  enough  to  lie  on  the  positively  sloping  portion 
of  the  curve  the  airplane  will  return  to  its  original  speed  and  angle  of  trim  as  soon  as  the  effect 
of  the  gust  has  passed.  A  positive  slope  therefore  makes  for  longitudinal  stability.  It  will 
be  noted  that  the  range  of  speed  for  stable  flight  with  fixed  controls  and  fixed  throttle  setting 
becomes  wider  in  general  as  the  engine  speed  is  decreased,  and  that,  for  the  lowest  curve  (engine 
idling),  there  is  no  sharp  negative  slope  at  any  point.  With  the  throttle  wide  open,  on  the  other 
hand,  the  machine  is  unstable  for  practically  the  whole  speed  range. 

An  ideal  set  of  elevator  position  curves  would  have  a  small  positive  slope  at  all  points, 
and  the  curves  for  different  throttle  settings  would  be  parallel  and  close  together.  Such  a 
set  is  shown  in  figure  26  for  comparison  with  the  actual  curves  of  figure  25.  It  is  not  desir- 
able to  have  the  positive  slope  very  large  at  any  point,  as  a  machine  characterized  by  such 
curves  is  difficult  to  control  quickly,  requiring  the  application  of  a  larger  force,  and  the  moving 
of  the  stick  through  a  longer  arc,  than  is  desirable  to  change  the  angle  of  attack.  The  sta- 
bility with  fixed  controls  can  always  be  controlled  by  movement  of  the  center  of  gravity,  the 
stability  being  greatest  when  the  C.  G.  is  farthest  forward  with  respect  to  the  wings. 

The  sudden  reversal  of  the  slopes  of  the  curves  in  figure  25,  and  the  rapidity  with  which 
the  elevator  setting  changes  at  low  speeds,  are  due  to  the  change  of  the  center  of  pressure  travel 
on  the  wings.  This  travel  becomes  less  unstable  as  the  angle  increases  and  the  effect,  when 
combined  with  the  movements  due  to  the  tail,  is  to  give  to  the  whole  machine  a  high  degree  of 
statical  longitudinal  stability  at  low  speeds. 

At  all  speeds  ordinarily  used  the  elevator  angle  decreases  as  the  angle  of  attack  decreases, 
so  that  it  is  necessary  to  hold  the  stick  farther  back  to  fly  at  high  than  at  moderate  speed. 
Of  course,  it  is  not  possible  to  go  directly  from  one  condition  to  the  other,  as,  for  instance,  to 
decrease  the  angle  of  attack  by  pulling  the  stick  back  while  flying  in  equilibrium  at  a  moderate 
speed.  The  effect  in  that  case  would  be  the  opposite  of  the  one  desired,  and  it  is  necessary, 
when  the  angle  is  to  be  decreased,  first  to  push  the  stick  forward,  nosing  the  machine  down 
until'  the  desired  angle  is  reached,  and  then  to  pull  it  a  little  farther  back  than  its  original  posi- 
tion in  order  to  keep  the  machine  in  the  attitude  thus  assumed. 
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For  the  sake  of  comparison  the  curve  of  elevator  angles  for  a  JN2  has  heen  computed 
from  tests  made  at  the  wind  tunnel  of  the  Massachusetts  Institute  of  Technology  1  and  is  given 
in  figure  27  together  with  a  reproduction  of  the  curve  for  the  JN4H  with  the  engine  idling. 
In  computing  the  curve  for  the  model  the  center  of  gravity  was  assumed  to  he  in  the  same 
position  with  regard  to  the  mean  chord  of  the  wings  as  in  JN4H  No.  1.  The  differences  between 
the  JN2  and  the  JN4H  are  not  of  a  nature  which  would  be  expected  materially  to  affect  the 
balance  and  stability,  except  that  the  stabilizer  on  the  former  is  set  at  —3°  to  the  wing  chord, 
while  that  on  the  latter  is  at  —  2°.3.  This  accounts  for  a  part,  but  only  a  part,  of  the  relative 
displacement  of  the  two  curves.  It  will  be  noted  that  the  model  test  woidd  have  led  to  a  pre- 
diction of  tail-heaviness,  the  opposite  of  the  condition  existing.    This  difference  can  be  attributed 
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to  the  fact  that  the  tail  of  the  model  was  made  up  as  a  flat  plate  cut  from  sheet  metal  and  the 
difference  between  inclinations  of  the  zero  lift  lines  of  the  stabilizers  in  the  model  and  the  full- 
sized  machine  was  therefore  much  greater  than  was  the  difference  in  the  settings  of  their  chords. 
The  large  error  in  balance  resulting  from  this  error  in  tail  construction  points  again  to  the 
necessity  of  minute  accuracy  in  constructing  the  sustaining  and  control  surfaces  of  wind  tunnel 
models. 

The  two  curves  of  figure  27  are  of  almost  exactly  the  same  form  and  it  appears  probable 
that,  were  it  not  for  the  error  noted  above,  they  would  be  close  enough  together  so  that  the 
balance  of  the  air  plane  and  the  control  position  in  gliding  flight,  when  there  is  no  slip-stream 
effect,  could  be  closely  predicted  from  the  model  test.  The  present  experiments  and  others 
of  a  similar  nature  on  many  different  types  of  machines  will  provide  the  necessary  data  for 

1  Bulletiu  Airplane  Engineering  Dept.  U  S.  A.,  June  1918,  p.  89 
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correcting  the  wind  tunnel  results  for  slip-stream  effect  and  so  for  predicting  the  balance  of  an 
airplane  at  full  power  before  it  is  built. 

The  discussion  so  far  has  been  confined  to  the  case  of  stability  with  locked  controls.  This 
of  course,  is  rather  an  uncommon  case  at  present  as  very  few  machines,  especially  of  nonmilitary 
type,  are  fitted  with  means  for  locking  the  stick  in  position.  The  provision  of  a  device  for  this 
purpose  is  highly  desirable  from  some  standpoints,  and  may  become  the  usual  thing  at  some 
future  date,  but  there  are  other  cases  which,  as  already  noted,  are  of  more  importance  at  present. 

If  the  elevator  is  left  free  and  uncontrolled  it  will  take  up  a  position  in  which  there  is  a 
small  moment  about  the  elevator  hinge,  due  to  the  air  forces  acting  on  the  surface,  tending  to 
decrease  the  angle.  This  corresponds  to  an  upward  force  on  the  elevator  and  is  required  to 
balance  the  weight  of  the  member,  which  produces  a  moment  tending  to  increase  the  angle 
of  setting.  In  the  machines  used  in  these  tests  a  force  of  8J  pounds  at  the  top  of  the  stick, 
corresponding  to  a  moment  about  the  elevator  hinge  of  206  pound-inches,  was  required  to  hold 
the  "flippers"  up  in  the  neutral  position.  A  force  of  1  pound  at  the  upper  end  of  the  stick 
balances  a  moment  of  24.2  pound-inches  about  the  elevator  hinge.  In  plotting  the  results  of 
the  tests  the  force  on  the  stick  and  the  moment  about  the  elevator  hinge  have  both  been  plotted 
as  ordinates  against  air  speed.  Since  the  ratio  between  the  forces  and  the  moments  is  fixed 
a  single  curve  suffices  for  both  by  a  proper  adjustment  of  scales. 

Before  discussing  in  detail  the  curves  of  control  force,  a  digression  on  the  definition  of  nose 
heaviness  and  tail  heaviness  is  appropriate,  as  these  terms  constantly  enter  into  any  question  of 
longitudinal  balance.  An  airplane  may  be,  and  has  been,  defined  as  in  perfect  balance  (neither 
nose  heavy  nor  tail  heavy)  either  (a)  when  the  pilot  does  not  need  to  apply  any  force  to  the  stick 
to  keep  the  machine  in  equilibrium  under  the  particular  conditions  in  question,  (b)  when  there  is 
no  moment  about  the  elevator  hinge,  or  (c)  when  the  airplane  flies  in  equilibrium  with  the 
elevator  forming  a  prolongation  of  the  stabilizer.  The  first  of  these  definitions  is  generally  tho 
most  satisfactory,  and  will  be  used  here,  as  it  relates  to  what  the  pilot  is  primarily  interested  in, 
the  muscular  force  required  to  fly  the  machine  steadily.  Its  only  important  disadvantage  is 
that  it  makes  too  much  depend  on  the  weight  of  the  elevators,  a  very  minor  and  easily  changed 
factor  of  design,  to  be  really  desirable  from  a  scientific  point  of  view.  The  second  of  the  three 
definitions  suggested  would  be  better  from  this  standpoint. 

The  curves  of  force  and  moment  on  the  elevators  of  No.  1  for  various  throttle  settings  are 
given  in  figure  28,  those  for  No.  2  in  figure  29.  The  positive  sign  corresponds  to  a  pull  on  the 
stick,  holding  the  elevator  up  against  a  downward  force.  The  curve  marked  "level  flight" 
gives  the  forces  for  that  condition  with  both  air  speed  and  throttle  setting  varing.  In  all  cases 
the  force  is  a  pull  on  the  stick,  or,  in  other  words,  the  airplane  is  nose  heavy.  This  nose  heaviness 
could  be  remedied,  at  least  for  any  particular  speed,  or  reduced  to  any  desired  extent  by  chang- 
ing the  stabilizer  setting,  or,  what  amounts  to  the  same  thing,  by  rigging  the  wings  at  a  larger 
angle  of  incidence.  If  the  stick  on  either  one  of  the  machines  used  in  these  tests  is  released, 
it  will  move  forward  from  the  equilibrium  position  and  the  machine  will  go  into  a  dive  with 
the  throttle  wide  open.  Releasing  the  stick  during  gliding  descent  also  throws  the  airplane 
into  a  dive,  the  speed  and  steepness  of  which  rapidly  increase,  apparently  without  limit. 

With  free  controls,  just  as  with  the  controls  locked,  stability  is  indicated  by  the  slope  of 
a  curve,  but  it  is  the  curve  of  control  forces  in  this  case  instead  of  that  of  control  positions. 
When  the  slope  of  the  curve  of  forces  is  negative,  as  it  is  at  low  speeds  in  figures  28  and  29, 
the  machine  is  stable  with  free  controls,  provided  that  the  line  of  zero  force  on  the  stick 
intersects  the  curve  of  forces,  as  any  change  of  speed  would  set  up  moments  which  would  cause 
the  elevators  to  move  in  the  proper  direction  to  restore  the  machine  to  its  original  attitude. 
When,  on  the  other  hand,  the  slope  is  positive  the  equilibrium  is  unstable  and  can  only  be 
restored,  once  it  is  upset,  by  the  intervention  of  the  pilot.  It  is  evident  from  the  curves  that 
with  free  controls,  just  as  with  the  controls  locked,  the  statical  longitudinal  stability  is  greatest 
at  low  speeds  of  flight,  that  the  machine  becomes  unstable  at  speeds  in  the  neighborhood  of  the 
maximum  attainable,  and  that  the  stability  is  greater  in  gliding  than  with  the  throttle  open. 
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The  chief  difference  between  statical  stability  with  locked  and  free  controls  is  that  equilibrium 
can  be  established  at  any  speed  in  the  former  case  by  locking  the  controls  in  the  proper  position, 
while  thero  is  only  one  possible  speed  of  flight  and  angle  of  attack  with  free  controls  (for  a 
given  weight  of  elevator).  The  stability  with  free  controls  is  therefore  sufficient  if  the  curve 
of  forces  cuts  the  line  of  zero  force  at  one  and  only  one  point,  the  force  being  negative  at  all 
speeds  higher  than  that  corresponding  to  the  point  of  equilibrium  defined  by  the  intersection 
of  this  curve  and  axis,  positive  at  all  speeds  lower.  It  therefore  does  not  matter  if  there  are 
one  or  moro  "kinks,"  involving  changes  in  the  sign  of  the  slope,  in  the  force  curve,  provided 
only  that  they  do  not  reach  or  cross  the  axis.  For  completely  satisfactory  stability  with 
locked  controls,  however,  the  slope  of  the  curve  must  be  positive  at  every  point  throughout 
the  range  of  speeds  likely  to  bo  reached. 

As  has  been  pointed  out,  the  machines  used  in  these  tests  were  nose  heavy  under  practi- 
cally all  conditions,  but  this  can  easily  be  corrected,  if  desired,  by  setting  the  stabilizer  at  a 
larger  negative  angle  relative  to  the  wings.  If  greater  stability  or  stability  over  a  wider  range 
of  speeds  is  required  it  can  be  secured  by  moving  the  center  of  gravity  forward,  just  as  in  the 
case  of  fixed  controls.  The  natural  tendency,  when  a  machine  is  nose  heavy,  is  to  seek  to 
cure  it  by  moving  the  center  of  gravity  farther  back.  Where,  however,  as  in  this  case,  the 
nose  heaviness  is  accompanied  by  instability,  moving  the  C.  G.  aft  will  only  serve  to  aggravate 
the  latter  difficulty.  If  the  C.  G.  is  moved  at  all  it  should  be  moved  forward.  Changing  the 
stabilizer  setting  so  as  to  give  an  increased  downward  force  on  the  tail,  on  the  other  hand, 
improves  the  balance  and,  as  will  be  shown  later,  also  has  some  beneficial  effect  on  the  stability 
with  free  controls.  The  exact  effect  of  changing  the  stabilizer  setting  is  difficult  to  predict 
unless  an  exhaustive  series  of  tests  on  pressure  distribution  over  the  elevator  is  available  (such 
tests  have  never  been  made  except  for  one  machine),  as  the  moment  about  the  elevator  hinge 
depends  largely  on  the  position  of  the  center  of  pressure  on  the  elevator,  and  this  is  a  very 
uncertain  quantity.  If  the  center  of  pressure  position  is  assumed  to  be  unaffected  by  the 
changes  in  elevator  angle  to  secure  equilibrium  at  a  given  speed  with  a  changed  stabilizer 
setting,  the  alteration  in  moment  about  the  hinge,  due  to  the  different  stabilizer  angle,  is  almost 
exactly  proportional  to  the  square  of  the  speed,  as  the  change  in  elevator  angle  for  equilibrium 
is  very  neatly  the  same  for  all  speeds.  The  slope  of  the  curve  of  forces  on  the  stick,  under 
these  conditions,  would  decrease  in  algebraic  value  if  the  stabilizer  angle  were  decreased,  and 
the  tendency  would  be  toward  stability.  From  this  the  deduction  can  be  drawn  that  stability 
with  free  controls  can  not  be  obtained  at  any  given  speed  merely  by  changing  the  stabilizer 
setting  unless. the  machine  was  originally  nose  heavy  at  the  designated  speed  and  all  lower 
speeds  of  flight.  Furthermore,  an  airplane  the  curve  for  which  is  unstable  (i.  e.,  has  a  positive 
slope)  throughout  the  range  of  normal  speeds  of  flight  can  not  be  made  stable  with  free  controls 
at  any  speed  whatever  by  changing  the  stabilizer  setting  unless  it  is  initially  nose  heavy  at  all 
points  of  its  speed  range.  Although  these  deductions  are  based  on  an  assumption  not  strictly 
true  they  check  well  with  experiment  and  furnish  a  fair  basis  for  reasoning.  It  follows  from 
the  foregoing  conclusions  that  the  maximum  positive  angle  to  which  an  adjustable  stabilizer 
can  be  moved  should  depend  on  the  behavior  of  the  machine  in  a  steep  descent  with  the  throttle 
open.  For  stability,  the  force  on  the  stick  under  those  conditions  should  always  be  a  push. 
When  it  becomes  a  pull  it  is  a  sign  that  the  stabilizer  angle  is  too  large. 

If  tho  conditions  laid  down  in  the  last  paragraph  are  not  obsorved  it  will,  as  already 
notod,  be  impossible  to  secure  stability  with  the  stabilizer  alone,  and  the  contor  of  gravity 
will  have  to  bo  moved  forward. 

It  will  bo  noticod  that  the  curves  of  control  force  for  tho  two  airplanes  in  gliding  are 
nearly  identical,  while  tho  negative  moments  about  the  hinge  with  throttle  open  aro  consider- 
ably largor  for  No.  1  than  for  No.  2.  This  difference  is  at  least  partially  due  to  tho  differs 
ence  in  tho  vortical  coordinates  of  tho  centor  of  gravity,  tho  C.  G.  of  No.  1  boing  higher  than 
that  of  No.  2  bocauso  of  tho  reservo  tank  in  tho  uppor  wing.  Tho  center  of  gravity  being 
farther  above  the  thrust  line  in  No.  1,  the  thrust  on  that  machino  produces  a  stalling  moment 
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about  the  C.  G.,  and  this  has  the  effect  of  making  the  machine  loss  nose  heavy  than  it  would 
otherwise  be. 

It  is  desirable  that  the  pilot  of  an  airplane  should  be  able  to  release  the  controls  at  any 
time  without  causing  tho  machine  to  go  into  a  steep  dive  or  to  stall  badly.  In  order  to  fulfill  this 
requirement  tho  center  of  gravity  should  bo  materially  farthor  forward  with  respect  to  the 
wings  than  it  was  in  the  particular  airplanes  which  wore  the  subjects  of  these  tests,  and  the 
stabilizer  should  be  set  at  such  an  angle  to  the  wings  that  the  machine  will  bo  in  equilibrium  with 
tho  controls  free  and  the  engine  throttled  at  a  speed  well  within  its  normal  range  (60  miles  per 
hour  would  bo  a  good  figuro  for  an  airplane  of  tho  typo  and  performance  of  the  JN4H).  Exact 
recommendations  as  to  the  position  of  the  C.  G.  can  not  be  made  without  further  tests,  but  it  is 
probable  that  28  per  cent  of  tho- way  back  from  tho  leading  edge  on  the  mean  chord  of  the  wings 
will  be  found  a  satisfactory  location.  Tho  nogativo  angle  of  the  stabilizer  with  lospoct  to  the 
wings  should  be  larger  in  these  machines  than  inthose  in  which  tho  stabilizer  section  is  symmet- 
rical about  a  horizontal  piano:  A  stabilizor  with  a  flat  lower  and  a  camborod  upper  surface, 
such  as  that  ont  he  JN4II,  has  its  zero  lift  lino  at  an  anglo  of  from  2°  to  4°  to  its  chord,  and  it  is 
the  zero  lift  line  which  should  be  considered  in  choosing  tho  sotting. 

In  order  to  put  to  the  test  these  theories  as  to  tho  cause  and  cure  of  instability  and  poor  bal- 
ance, airplano  No.  1  was  roriggod  with  tho  stagger  reduced  by  3  inches,  and  with  tho  roar  of  the 
stabilizer  blocked  up  so  that  its  chord  was  at  a  negative  angle  of  1°.6  to  tho  top  longerons,  or 
4°  to  the  wings.  Tho  reduction  of  the  stagger  by  moving  the  upper  wing  backward  has  prac- 
tically the  samo  effect  as  has  moving  the  center  of  gravity  forward. 

Although  tho  tosts  with  this  now  arrangement  have  not  as  yet  been  carried  far  enough  to  make 
it  possible  to  plot  a  set  of  curves,  it  was  very  apparent  that  the  nose  hoaviness  of  the  machino  was 
imich  diminished  and  that  the  stability,  both  with  free  and  fixed  controls,  was  improved.  Tho 
machine  was  still  unstable  at  high  speeds,  but  much  less  so  than  before.  It  was  dived  to  a  spoed 
of  1\5  miles  por  hour  with  the  throttle  half  closed,  and  the  pull  on  the  stick  at  this  speed  was 
only  10  pounds.  Thoro  was  no  difficulty  in  taking  off  or  landing,  and  tho  porformanco  of  the 
machine  was  not  modified  in  any  othor  respect.  It  is  boliovod,  as  a  result  of  these  tests,  that  it 
will  bo  found  possible  by  iurthor  changes  of  tho  samo  nature  to  secure  complete  statical  stability 
of  tho  JN4H  at  all  spoods  without  incurring  any  counterbalancing  disadvantages. 

Longitudinal  balance  of  the  De  Haviland. 

In  order  to  have  data  on  another  airplano  for  purposes  of  comparison,  and  also  to  secure  defi- 
nite information  on  tho  effect  of  an  adjustable  stabilizor,  tho  experiments  which  have  been  do- 
scribod  above  were  repeated  on  the  Do  Ilaviland  4  with  Liberty  engine.  The  method  pursued  in 
the  first  serios  of  tosts  on  this  machino  was  identical  with  that  already  described,  and  tho  curves 
of  control  position,  force,  and  moment  for  various  throttle  settings  are  given  in  figuros  30  and  31. 
The  forco  roqxiirod  at  the  top  of  the  stick  to  balance  the  weight  of  the  elevator  was  3f  pounds, 
and  a  force  of  1  pound  on  the  stick  corresponded  to  a  momont  of  24.6  pound-inches  about  the 
elevator  hinge.  Tho  "gearing"  of  the  control  was  therefore  practically  identical  with  that  in 
the  JN.  The  scale  of  abscissae  may  not  be  strictly  accurate,  as  the  air-speed  meter  on  this  ma- 
chino was  never  calibrated  on  tho  spoed  course,  but  it  probably  would  not  bo  in  error  by  more 
than  throe  or  four  milos  an  hour  at  any  point. 

It  appears  from  thoso  curves  that  the  DII4  possessos  statical  longitudinal  stability  both  with 
fixed  controls  and  with  free  controls,  and  that  the  trimming  speod  for  any  given  condition  in- 
creases as  the  engine  speed  decreases.  If,  for  example,  the  olevator  is  locked  at  +3°  with  the 
throttle  open  the  machine  will  fly  at  82  miles  por  hour,  and  wdl  automatically  return  to  that  speed 
if  any  disturbance  causes  a  momentary  deviation  from  it.  If  the  engine  is  thon  throttled  down 
to  tho  idling  condition,  loaving  tho  control  still  locked  at  +3°,  tho  nose  will  drop  and  tho  steopness 
of  tho  flight  path  will  increase  until  tho  speod  of  114  miles  per  hour  is  attained.  Tho  airplane 
will  then  continue  to  descend  steadily  at  this  speed  on  a  flight  path  of  constant  slope.  There 
will  be  no  tendency,  as  in  tho  other  airplanes  which  have  been  discussod,  to  dive  more  and 
more  steoply  without  limit. 
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Much  the  same  statements  can  be  applied  to  flight  with  free  controls,  except  that  in  this 
case  there  is  only  one  trimming  speed  for  a  given  stabilizer  angle  and  throttle  setting.  Here, 
again,  the  trimming  speed  increases  as  tho  throttle  is  closed. 

It  is  obvious  that  the  airplane  of  the  future 
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must  have  a  high  degree  of  inherent  stability, 
so  that  it  can  be  flown  "  hands  off"  for  consid- 
erable periods  in  calm  air.  Since  it  is  not  desir- 
able that  the  machine  be  limited  to  a  single  air 
speed  for  a  given  throttle  setting,  some  means 
must  be  provided  for  changing  the  trimming 
speed.  This  can  be  done  either  by  a  device  for 
locking  the  controls  in  any  desired  position  or 
by  making  it  possible  for  the  pilot  to  adjust  the 
stabilizer  angle  while  in  flight.  The  first  of 
these  alternatives  has  the  advantage  that  it  is 
easy  and  quick  to  operate,  as  the  stick  can  be 
made  with  a  lock  instantaneously  operable  by 
the  pressure  of  a  finger.  The  locking  should  ap- 
ply only  to  the  fore-and-aft  motion,  the  stick 
being  left  free  to  move  from  side  to  side  in 
order  that  the  pilot  may  correct  disturbances  of 
transverse  equilibrium  without  releasing  the 
lock,  and,  also,  so  that  the  ailerons  ma}*  be  free 
to  move  when  struck  by  gusts,  so  giving  a  cer- 
tain degree  of  "automatic  warp."  If  an  adjustable  stabilizer  is  provided,  it  takes  longer  to 
change  the  angle  for  a  new  trimming  speed  than  it  docs  to  move  the  stick  and  lock.it  in 
a  new  position.  The  adjustable  sta- 
bilizer has,  however,  the  very  great 
advantage  that  the  stick  is  left  entirely 
free  for  control,  and  it  can  therefore  be 
used  to  reduce  the  strain  on  the  pilot 
even  when  the  air  is  too  rough  or 
when  the  machine  is  too  near  the 
ground  to  permit  of  releasing  or  lock- 
ing the  stick. 

The  effect  of  the  adjustment  of  the 
stabilizer  is  shown  by  figures  32  and 
33,  which  give  the  curves  of  control 
forces  and  moments  for  level  flight 
with  three  different  stabilizer  settings. 
Figure  33,  giving  the  control  forces 
required  and  the  trimming  speeds  with 
free  controls  for  the  several  settings, 
is  the  more  important  of  the  two.  It 
appears  from  the  curves  there  given 
that  the  statical  longitudinal  stability 
with  free  controls  diminishes  rapidly 
as  the  stabilizer  angle  is  increased, 
and  that,  when  the  neutral  line  of  the 
stabilizer  is  set  at  + 1°  30'  to  the  wing 

chord,  the  machine  is  statically  unstable  at  low  speeds.  Figure  32,  on  the  other  hand,  indicates 
that  the  degree  of  stability  with  locked  controls  is  substantially  independent  of  stabilizer  set- 
ting, the  three  curves  being  very  nearly  parallel  to  each  other.    This  is  what  would  be  expected 
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from  model  tests  and  from  theoretical  considerations,  some  of  which  were  developed  in  the 
preceding  section  of  this  report. 

The  trimming  speed  increases  as  the  stabilizer  angle  increases,  slowly  at  first  and  then 
very  rapidly.  A  change  of  angle  from  —1°  30'  to  0°  only  raises  the  trimming  speed  with  free 
controls  from  71  to  86  miles  per  hour,  but  only  about  0°  40'  further  change  in  angle  is  required 
to  increase  the  trimming  speed  from  86  to  120  miles  per  hour.  Since  so  small  a  change  of 
angle  has  so  large  an  effect  it  is  necessary,  in  order  to  gain  the  full  benefit  of  an  adjustable  sta- 
bilizer, that  the  adjustment  be  through  a  screw  or  other  slow-motion  device  with  a  minimum 
of  backlash,  so  that  the  angle  can  be  regulated  with  great  exactness.  The  backlash  on  the 
DH4  tested  was  about  0°  15'. 
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Figure  32.  Figure  33. 

The  provision  of  an  adjustable  stabilizer  on  the  DH4,  and  the  range  of  angles  chosen  for 
the  adjustment,  were  largely  due  to  the  distance  between  the  center  of  gravity  and  the  ob- 
server's cockpit  and  the  gasoline  tank,  a  small  change  of  weight  in  the  rear  cockpit  having  a 
large  effect  on  the  balance  of  the  machine.  For  the  conditions  existing  when  these  tests  were 
carried  out  (170-pound  observer,  no  heavy  instruments,  guns,  photographic  apparatus,  or  other 
equipment  in  the  rear  cockpit,  and  gas  tank  two-thirds  full)  the  maximum  positive  adjust- 
ment of  the  stabilizer  would  never  be  required. 
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SLIP-STREAM  CORRECTIONS  IN  PERFORMANCE  COMPUTATION. 

By  Edward  P.  Wabner. 

In  computing  the  performance  of  an  airplane,  the  values  taken  for  the  slip-stream  correction 
have  a  very  marked  effect  on  the  results,  both  as  regards  the  speed  required  for  flight  at  a  given 
angle  of  attack  and  as  regards  the  horsepower  required,  and  a  mistake  in  estimating  the  magni- 
tude of  the  correction  factor  may  cause  considerable  errors  in  the  preliminary  estimate  of  per- 
formance attainable.  Notwithstanding  the  importance  of  the  slip-stream  effect  relatively 
little  study  has  been  devoted  to  it  and  the  proper  way  of  treating  it  still  remains  largely  uncer- 
tain. This  lack  of  knowledge  as  to  the  magnitude  of  the  correction  and  its  effects  is  amply 
attested  by  the  wide  variation  among  the  methods  employed  by  designers  engaged  in  the 
making  of  performance  computations.  Some  have  ignored  the  correction  entirely.  Others, 
seeking  a  slightly  greater  accuracy  but  not  desiring  to  embark  on  too  laborious  a  set  of  com- 
putations, have  made  an  over-all  allowance,  increasing  the  total  resistance  of  the  machine 
(including  both  parasite  resistance  and  wing  drag)  by  10  per  cent  or  15  per  cent.  Such  a 
device  is  frequently  employed  when  performance  is  to  be  computed  directly  from  a  wind- 
tunnel  test  on  a  model  of  the  complete  machine,  and  when  only  the  total  resistance  is  known, 
no  data  on  the  resistance  contributed  by  different  parts  of  the  structure  being  available.  As  the 
proportion  of  the  total  resistance  which  lies  in  the  slip  stream  varies  widely  between  different 
types  of  machines,  this  method  can  manifestly  lead  to  nothing  more  than  a  very  rough  approx- 
imation. The  next  step,  to  further  increase  the  exactness  of  the  performance  computations,  is 
to  consider  the  resistance  broken  up  into  two  parts;  that  due  to  members  inside  and  that  due  to 
members  outside  the  slip  stream,  and  to  treat  these  two  parts  as  having  different  relative  air 
speeds.  The  speed  used  in  computing  the  resistance  of  the  parts  outside  the  slip  stream  area 
is  equal  to  the  air  speed  of  the  machine;  that  used  for  the  parts  inside  the  slip-stream  is  some- 
what higher.  The  amount  of  the  difference  between  the  two  has  been  much  in  dispute,  but  the 
corrections  generally  applied  range  from  10  per  cent  to  20  per  cent.  That  is  to  say,  the  velocity 
is  considered  to  be  from  ]  0  per  cent  to  20  per  cent  greater  inside  than  outside  the  slip  stream, 
and  the  resistance  of  an  object  in  that  area  is  therefore  taken  as  from  21  per  cent  to  44  per  cent 
greater  than  the  resistance  of  the  same  object  would  be  if  it  were  removed  from  the  zone  of 
influence  of  the  propeller  draft. 

Whatever  the  value  that  may  be  taken  for  the  correction  factor,  it  is  almost  invariably 
considered  to  remain  constant  at  all  speeds  of  flight,  and  it  is  in  this  assumption  that  the  greatest 
source  of  error  lies.  When  the  engine  is  kept  running  at  full  throttle,  and  all  the  reserve  power 
is  used  in  causing  the  machine  to  climb,  the  air  speed  being  relatively  low,  the  ratio  of  slip- 
stream velocity  to  velocity  of  advance  will  quite  evidently  be  considerably  higher  than  when  the 
flight  path  is  horizontal,  with  a  higher  speed  of  advance  or  with  a  throttled  engine.  The  exact 
manner  of  the  variation  of  slip-stream  effect  will  be  taken  up  a  little  later. 

We  may  attack  the  problem  of  the  slip-stream  correction  in  either  of  two  ways,  both  of 
which  we  shall  discuss.  In  the  first  place,  we  may  base  our  corrections  on  wind-tunnel  tests 
of  propeller  models.  Unfortunately,  there  is  very  little  data  available  on  the  velocity  of  the 
flow  of  the  air  behind  a  propeller  under  test.  Secondly,  we  may  depend  on  pure  theory,  deter- 
mining the  mean  slip-stream  velocity  from  energy  considerations.  Yvliile  this  is  not  strictly 
valid,  it  affords  an  interesting  means  of  obtaining  data  for  comparison,  and  of  extending  the 
experimental  results. 
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EXPERIMENTAL  RESULTS. 

Measurements  of  slip-stream  effect  for  model  propellers  have  been  made  by  Eiffel,  at  his 
laboratory  near  Paris,  and  by  Iliabouchinsky  at  Koutchino.  Eiffel's  results  are  the  more 
valuable,  as  the  propeller  used  during  the  tests  was  more  nearly  like  those  used  on  aircraft  at 
the  present  time  than  were  the  models  employed  at  Koutchino. 

It  should  be  noted  that  all  these  experiments  deal  with  propellers  tested  with  no  other 
objects  in  their  neighborhood,  and  that  the  results  might  be  materially  modified  by  the  mutual 
interference  of  the  propeller  and  the  other  parts  of  the  machine.  This  is  particularly  true  of 
the  body,  inasmuch  as  it  is  very  close  to  the  propeller  and  is  immediately  behind  the  least 
efficient  portion  of  that  member,  so  that  it  has  somewhat  the  same  effect  of  stream-lining  the 
hub  and  guiding  the  air  across  the  more  effective  portions  of  the  blade  as  has  a  spinner  in  front. 
The  effect  of  the  body  on  the  propeller  would  then  be  such  as  to  neutralize,  at  least  in  part,  the 
increase  of  body  resistance  caused  by  the  slip-stream.  This  effect  would  apply  primarily  to  the 
body,  the  resistance  of  which,  if  it  is  well  designed,  is  a  relatively  small  part  of  the  total  parasite 
resistance  in  the  slip-stream.  The  effect  of  the  struts,  tail  surfaces,  and  other  members  on  the 
action  of  the  propeller  would  probably  be  so  small  as  to  be  negligible,  thanks  to  their  distance 
behind  the  propeller  and  to  the  fact  that  they  lie  behind  the  effective  portion  of  the  blades 
rather  than  directly  behind  the  hub. 

The  ratio  of  slip-stream  velocity  to  velocity  of  advance,  like  every  other  factor  or  propeller 
performance,  is,  for  geometrically  similar  propellers,  a  function  of  the  nondimensional  ratio 
V/ND.  Since  it  is  necessary  to  apply  to  widely  different  propellers  the  data  obtained  by  tests 
of  two  or  three  special  cases  we  must  seek  some  means  of  comparison,  and  this  means  is  provided 
by  the  provisional  assumption  that  the  ratio  of  slip-stream  velocity  to  flight  velocity  at  the 
speed  of  maximum  propeller  efficiency  is  the  same  for  all  propellers.  We  may  then  consider 
the  slip-stream  effect  to  depend  on  the  ratio  of  V/ND  to  (V/ND)',  or,  for  a  given  propeller 
diameter' and  engine  speed,  on  V/V,  where  Vis  the  actual  speed  of  flight  and  V  the  speed  for 
maximum  propeller  efficiency  at  the  same  number  of  revolutions  per  minute.  This  is  the  only 
method  open  to  us  if  we  rely  solely  on  experimental  data,  but  we  shall  see  later  that  the  use  of  the 
momentum  theory  makes  it  possible  to  actually  compute  the  slip-stream  effect  for  a  given 
propeller,  and  that  the  magnitude  of  this  effect  varies  somewhat  with  blade  form,  blade  width, 
number  of  blades,  pitch-diameter  ratio,  etc. 

Eiffel's  experiments  1  were  performed  on  his  propeller  No.  9,  which  has  quite  a  normal  blade 
form,  with  straight  trailing  edge  and  leading  edge  so  curved  as  to  give  a  maximum  blade  width 
approximately  three-quarters  of  the  way  out  from  hub  to  tip.  The  pitch  at  all  points  was  0.7  of 
the  diameter,  and  the  maximum  efficiency  (75  per  cent)  was  secured  when  V/ND  was  equal  to 
0.6,  corresponding  to  a  speed  of  flight  of  roughly  106  miles  per  hour  with  a  Liberty  engine  turning 
1,700  revolutions  per  minute  and  a  two-bladed  propeller  9  feet  in  diameter.  The  ratio  of 
effective  pitch  to  diameter  for  best  efficiency  therefore  was  not  very  far  from  current  practice. 

The  air  velocity  in  the  slip-stream  was  determined  by  pitot  tube  measurements  at  five 
points,  placed  at  0.-4,  0.6,  0.8,  0.96,  and  1.1  times  the  radius  from  hub  to  tip.  That  is,  the  last 
point  was  actually  slightly  outside  of  the  propeller  disk  area.  To  determine  the  extent  to  which 
the  air  spreads  out  and  the  added  velocity  disappears  as  the  distance  from  the  propeller  is 
increased,  three  such  sets  of  points  were  tried,  the  first  being  only  0.04  of  the  propeller  diameter 
behind  the  plane  of  the  trailing  edges  of  the  propeller  blades,  the  second  being  located  0.2  of  the 
diameter  behind  that  plane,  and  the  third  being  separated  from  the  propeller  by  a  distance  equal 
to  its  diameter. 

The  conclusions  to  be  drawn  directly  from  the  results  of  these  tests  may  be  tabulated  briefly 
as  follows: 

(a)  The  slip-stream  velocity  is  a  maximum  at  a  radius  of  about  0.6  of  the  distance  from 
hub  to  tip. 

>  "Nouvellcs  Recherches  sur  la  Resistance  do  l'Alr  et  1' Aviation,"  by  O.  Eiffel:  Paris,  1914;  p..333. 
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(b)  At  low  speeds  of  advance  and  large  slip  percentages  the  slip-stream  velocity  drops  ofT 
very  rapidly  near  the  edges  of  the  propeller  disk.  In  the  case  under  examination,  at  moderate 
translational  speeds  (V/V'  =  0A  to  V/V'  =  0.6),  the  added  slip-stream  velocity  (i.e.,  the  difference 
between  Vs  and  V)  at  the  radius  0.96  was  from  40  per  cent  to  70  per  cent  less  than  that  at  radius  0.8. 
At  higher  speeds  of  advance,  a  decrease  in  slip-stream  in  going  out  from  one  of  these  points  to 
the  other  is  still  noticeable,  but  it  is  much  less  abrupt  and  less  marked. 

(c)  At  points  which  are  neither  very  near  to  the  center  nor  to  the  edge  of  the  propeller  disk, 
the  velocity  varies  very  little  with  distance  from  the  propeller,  at  least  within  the  limits  of  these 
experiments.  At  the  higher 
speeds  of  translation,  there  is 
a   slight  tendency  for  the 
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velocity  to  increase  as  the  dis- 
tance from  the  propeller  in- 
creases. 

(d)  .Near  the  center  of 
the  propeller  the  velocity 
drops  off  somewhat,  but  not 
nearly  so  much  or  so  abruptly 
as  it  does  near  the  tip. 

(e)  At  low  velocities  of 
advance,  the  velocity  near  the 
center  of  the  propeller  disk 
increases  considerably  as  the 
distance  from  the  propeller 
increases. 

(/)  Near  the  edge  of  the 
slip-stream,  the  velocity  is 
greatest  very  close  behind  the 
propeller.  On  going  back 
from  the  propeller  the  velocity 
decreases  quite  rapidly  for  a 
short  distance,  and  then,  on 
going  still  farther  away, 
shows  a  tendency  to  increase 
slightly,  (e)  and  (/),  taken 
together,  indicate  that  the 
slip-stream  diameter  is  nearly 
independent  of  distance  from 
the  propeller,  but  that  it  con- 
tracts rapidly  for  a  short  dis- 
tance passing  through  the  propeller.  The  point  of  minimum  section  having  been  reached,  the 
slip-stream  begins  to  expand  in  cross-section,  but  only  very  slowly.  We  shall  not  go  far  astray 
if  we  consider  the  slip-stream  velocity  and  section  to  be  independent  of  the  distance  from  the 
propeller. 

Summing  up,  it  appears  that  we  shall  secure  reasonable  results  if  we  take  the  slip  stream 
as  having  0.9  the  diameter  of  the  propeller  and  assume  the  velocity  to  be  constant  over  the 
stream  so  defined.  Mean  values,  obtained  in  this  way,  of  VJV  and  VJV  have  been  plotted 
against  V/  V  in  figure  1 ,  V  and  V  being  the  actual  velocity  of  advance  and  the  velocity  of 
advance  for  best  propeller  efficiency,  as  before,  V„  being  the  velocity  in  the  slip  stream.  N  and 
D  are  assumed  to  remain  constant  throughout.  Any  change  in  these  quantities  will  necessitate 
a  recomputation  of  V . 
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Although  the  above  assumption  as  to  slip-stream  diameter  may  be  accepted  as  registering 
sufficiently  closely  with  experimental  results,  it  can  be  shown  theoretically  that  the  diameter 
of  the  stream  should  vary  with  slip  ratio,  or,  for  a  given  engine  speed  and  propeller  diameter, 
with  the  speed  of  flight.  R.  E.  Froude  has  shown  that  the  increase  in  velocity  of  the  fluid 
before  it  reaches  the  propeller  should  be  exactly  equal  to  the  added  velocity  imparted  after 
passing  through  the  propeller,  or,  using  algebraic  symbols,  that  V1—V=%  (Vs—  V),  where  V 
is  the  speed  of  flight,  Vt  the  indraught  velocity,  and  V,  the  slip-stream  velocity.  Since  the 
same  mass  of  fluid  passes  every  point  along  the  stream  in  a  unit  of  time,  the  product  of 
velocity  and  stream  area  must  be  the  same  at  all  points  if  compressibility  of  the  fluid  be  neg- 
lected. We  shall  then  have,  assuming  the  cross-section  area  of  the  inflowing  current  to  be 
equal  to  the  area  swept  by  the  propeller: 

ttD2  ttD%  xT)1 

(V,+  V) 

This  ratio  would  vary  from  a  minimum  value  of  0.71,  under  static  conditions,  to  a  maximum 
of  1.0  at  the  speed  where  V,=  V  and  there  is  no  thrust.    As  neither  of  these  conditions  is  ever 

approached  in  normal  flight,  we  can  safely  say  that  the  theoretical  value  of  -j£  will  not  wander 

far  from  the  one  (0!9)  to  which  we  have  already  been  led  by  empirical  data. 

The  most  striking  thing  about  the  curves  of  figure  1  is  the  remarkable  degree  of  constancy 
of  VJV.  It  appears  that,  so  long  as  the  engine  speed  is  kept  constant,  the  slip-stream  velocity 
is  almost  independent  of  the  speed  of  flight,  except  at  speeds  well  above  that  of  maximum 
efficiency. 

Since  V„  is  so  nearly  constant,  it  is  evident  that  VJ  V  will  increase  rapidly  as  V  decreases, 
becoming  infinite  when  the  machine  is  being  held  stationary  on  the  ground  with  the  engine 
running,  prior  to  the  starting  of  a  flight.  The  method,  which  I  have  already  mentioned,  of 
computing  performance  by  assuming  Vs;  V  to  have  a  constant  value  of  1.15  or  1.2  is  therefore 
manifestly  quite  incorrect  except  for  a  single  speed  somewhere  in  the  neighborhood  of  the 
speed  of  maximum  propeller  efficiency.  To  determine  the  correction  factor  for  any  other  speed 
we  must  have  recourse  to  slip-stream  velocity  curves  similar  to  those  of  figure  L  The  error 
introduced  by  the  assumption  of  a  constant  correction  factor  will  obviously  be  most  important 
at  the  low  and  moderate  speeds  which  correspond  to  most  efficient  climb,  and  undoubtedly 
accounts  for  the  difficulty  which  has  usually  been  experienced  in  computing  rate  of  climb. 
It  is  well  known  that,  although  the  maximum  horizontal  speed  of  a  new  machine  can  be  pre- 
dicted with  a  high  degree  of  accuracy  from  performance  computations  of  the  ordinary  typo 
or  from  a  wind-tunnel  test  of  a  model,  an  attempt  to  predict  climbing  speed  in  a  similar  fashion 
very  commonly  gives  a  value  distinctly  higher  than  that  found  in  a  free-flight  test  of  the 
completed  machine. 

EFFECT  OF  SLIP-STREAM  ON  PERFORMANCE. 

The  method  of  applying  the  slip-stream  correction  to  the  parasite  resistance  of  the  parts 
inside  the  slip-stream  area  to  secure  the  corrected  total  resistance  and  the  horsepower  required 
for  flight  is  simple  and  obvious,  differing  in  no  essential  particular  from  that  employed  when 
the  correction  factor  is  assumed  to  remain  constant. 

We  have  been  considering  so  far  a  case  in  which  the  engine  speed  is  assumed  to  remain 
constant  at  all  speeds  of  flight,  a  case  which  is  never  exactly  realized.  If  the  throttle  be  kept 
open,  the  load  on  the  engine  will  be  greatest,  and  the  revolutions  per  minute  will  consequently 
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be  lowest,  when  the  slip  percentage  is  greatest;  or,  in  other  words,  when  the  speed  of  flight  is 
lowest,  and  the  engine  speed  with  open  throttle  may  be  5  per  cent  or  more  lower  when  the 
plane  is  climbing  at  an  angle  of  attack  of  about  S°  than  when  it  is  flying  level  at  an  angle  of 
attack  in  the  neighborhood  of  —1°.  The  variation  of  revolutions  per  minute  is  small,  how- 
ever, and  we  shall  not  go  far  astray  if  we  stick  to  our  original  assumption  that  the  engine  speed 
remains  constant  so  long  as  the  throttle  is  wide  open.  We  have  now  to  consider  the  effects  of 
partially  throttling  the  engine,  and  the  modifications  of  slip-stream  effect  which  are  involved. 
When  the  throttle  is  partially  closed  the  engine  speed  is  reduced  and  the  value  of  V/ND,  the 
propoller  slip  function,  is  therefore  increased.  It  is  evident  from  Fig.  1  that  an  increase  in 
V/ NP  causes  a  decrease  in  the  ratio  of  Vs  to  V.  If  the  engine  be  throttled  to  half  its  original 
number  of  revolutions,  for  example,  maintaining  the  same  speed  of  flight  and  varying  the  slope 
of  the  flight-path,  the  value  of  (VJ ND)I(VIND)'  will  be  doubled  and  the  ratio  of  Va  to  Fwill 
be  reduced,  for  a  machine  flying  at  40  per  cent  of  the  speed  for  which  the  propeller  was  designed, 
from  about  2.6  to  1.4.  The  parasite  resistance  of  parts  in  the  slip-stream  would  then  be 
reduced  by  71  per  cent  by  throttling  the  engine,  although  the  speed  of  flight  would  remain 
the  same.  This,  of  course,  is  an  extreme  case,  as  the  engine  speed  in  level  flight  would  seldom 
drop  to  less  than  75  per  cent  of  the  rated  speed.  If  the  plane  is  gliding  with  the  engine  cut 
off,  the  slip-stream  effect  will  of  course  disappear  entirely. 

It  is  of  interest  now  to  examine  the  variation  of  the  slip  function  and  of  the  slip-stream 
correction  when  the  machine  flics  at  different  speeds  in  the  neighborhood  of  the  maximum 
attainable,  the  engine  always  being  throttled  just  sufficiently  to  keep  the  flight-path  horizontal. 
When  the  plane  is  flying  at  high  speed  the  angle  of  attack  is  small  and  the  coefficient  of  wing 
drag  is  near  its  minimum  value.  This  coefficient  Dc  will  therefore  remain  almost  constant  if 
the  angle  is  varied  slightly,  and  the  total  wing  drag  will  be  very  nearly  proportional  to  the 
square  of  the  speed  for  small  changes  in  speed  in  the  neighborhood  of  the  maximum  attainable. 
The  parasite  resistance  is  always  proportional  to  the  square  of  the  speed,  neglecting  the  small 
effect  of  inclination  of  the  body,  struts,  etc.,  and  the  total  resistance  will  therefore  be  propor- 
tional to  the  square,  and  the  horsepower  required  to  the  cube,  of  the  speed  of  flight,  provided 
that  the  slip-stream  correction  factor  remains  constant.  This  relation,  it  must  be  remem- 
bered, holds  only  in  the  neighborhood  of  the  maximum  speed  of  flight  (say  for  angles  of  attack 
between  —  2°  and  +3°).  It  can  be  shown  that,  if  we  assume  the  validity  of  the  blade  element 
theory  of  propeller  design,  the  power  absorbed  by  a  given  propeller  is  proportional  to  V3  if 
the  slip  function  be  kept  constant.  Since  the  horsepower  absorbed  must  vary  as  V  in  order 
that  it  may  be  equal  to  the  horsepower  required  for  level  flight,  it  is  evident  that  the  slip 
function  will  be  approximately  constant  so  long  as  the  machine  flies  in  a  horizontal  path  at  an 
angle  close  to  that  of  minimum  drag.  To  take  a  concrete  illustration,  if  the  speed  of  flight  be 
decreased  10  per  cent  the  maximum  power  required  for  flight  will  decrease  to  (.9)3,  or  73  per 
cent  of  the  original  value.  In  order  that  the  slip  function  may  remain  constant  the  engine  speed 
must  be  decreased  by  10  per  cent.  Since  the  value  of  V/ND  is  unchanged,  the  ratio  of  slip- 
stream velocity  to  speed  of  flight  will  also  remain  unchanged,  so  long  as  the  flight-path  is 
horizontal  and  the  speed  is  fairly  high.  At  very  low  speeds  the  slip-stream  correction  factor 
in  horizontal  flight  is  larger  than  at  those  in  the  neighborhood  of  the  maximum,  as  the  revolu- 
tions per  minute  decrease  less  rapidly  than  the  flight  speed,  and  the  slip  function  consequently 
decreases  at  low  speeds. 

DEDUCTIONS  FROM  THE  MOMENTUM  THEORY  OF  PROPULSION. 

Our  deductions  to  date  have  all  been  based,  owing  to  an  unfortunate  paucity  of  experi- 
mental data,  on  a  single  set  of  tests  in  which  only  one  propeller  was  used.  It  is  now  of  interest 
to  examine  the  question  from  another  point  of  view,  and  see  what  we  can  learn  by  the  applica- 
tion of  pure  theory. 

The  Rankinc-Froudo  theory  of  fluid  propulsion  is  based  on  the  assumption  that  the  thrust 
given  by  a  propeller  is  equal  to  the  sternward  momentum  imparted  to  the  fluid  in  unit  time. 
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If  we  assume  the  correctness  of  this  theory,  and  further  assume,  as  we  have  already  done,  that 
the  slip-stream  has  a  diameter  equal  to  0.9  of  the  propeller  diameter  and  that  the  velocity  of 
the  air  is  uniform  all  over  the  slip-stream,  we  can  readily  compute  the  slip-stream  velocity, 
given  the  engine  horsepower,  propeller  efficiency,  propeller  diameter,  and  speed  of  flight. 
Let  P  =  horsepower. 

T  =  propeller  thrust. 

r\  =  propeller  efficiency. 

D  =  propeller  diameter  (feet). 

V  =  speed  of  flight  (feet  per  second). 

Vs  =  slip-stream  velocity  (feet  per  second). 

A,  =  area  of  slip-stream  =  .81*D2  =  .636  D2. 

P  =  density  of  air  =.07608  pounds  per  cubic  foot  under  standard  conditions. 

M  =  mass  of  air  passing  through  propeller  in  1  second  =  - X  VsxA. 

P=  TxV 
550Xi? 

r„   550XPX»?  (1) 
V 

From  the  momentum  theory  of  fluid  propulsion, 

T=  Mx  (Vs-  V)  =|  X  Asx  Vax  (Vs- V)  =  .0015  D2xVix{Va-V)  (2) 


Equating  (1)  and  (2), 

550XyXv  =  .00l5 &X  VaX  (F.-  V) 

%y s    y )  a  v ,—  VxD2 

It  is  a  well-known  fact  that,  for  any  given  value  of  the  slip  function,  V/ND,  the  power 
consumed  in  driving  a  propeller  of  any  particular  type  is  proportional  to  V3D2.  We  can  then 
write  K,  F'D2  in  place  of  P  in  the  above  equation. 


Dividing  through  by  V- 
and  solving: 


(VS-V)X  V,  =  367,000  K,  V\ 
^-1^X^  =  367,000  K,xv 

T  =  K1  +  Vl~+T7468;000  KlV)  (3) 


It  is  evident  that  any  change  in  propeller  design,  such  as  an  increase  in  the  number  of 
blades  which  tends  to  increase  the  power  absorbed  by  a  propeller  of  given  diameter,  will  increase 
the  magnitude  of  the  slip-stream  correction  as  given  by  this  formula. 

It  is  of  considerable  interest  to  compare  the  slip-stream  correction  obtained, by  this  theo- 
retical analysis  with  that  found  by  actual  measurement  of  the  air  velocities  behind  a  propeller. 
This  has  been  done  for  Eiffel's  propeller  No.  9,  the  experimental  data  for  which  we  have  already 
studied.  A  table  of  Ku  tj,  and  the  theoretical  slip-stream  correction  for  various  values  of 
V/ND  is  given  below,  and  figure  2  shows  the  comparison  between  the  theoretical  and  experi- 
mental, values  of  VJV. 
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V/ND 

A',X10« 

V 

V,\V 

0.347 

6.02 

0. 590 

1.745 

.433 

2.91 

.672 

1. 484 

.503 

1.73 

.-725 

1.341 

.540 

1.35 

.742 

1.285 

.614 

.76 

.750 

1.178 

.004 

.52 

.710 

1.120 

.754 

.31 

.640 

1.067 

.812 

.17 

.390 

1.024 

.857 

.14 

.048 

1.002 

The  coincidence  between  the  two  curves  in  figure  2  is  quite  extraordinary,  especially  in  the 
neighborhood  of  the  point  of  best  propeller  efficiency.    At  no  point  in  the  range  corresponding 
to  conditions  of  normal  flight  do  the  two  values  disagree  by  more  than  2  per  cent.    This  exacti- 
tude of  agreement  must,  however, 
be  regarded  as  largely  fortuitous,  as 
Eiffel's  experiments  themselves  could 
hardly  be  accurate  to  such  a  degree. 

The  slope  of  the  theoretical  curve 
is  a  little  less  than  that  of  the  experi- 
mental one,  but  even  this  slight  dis- 
crepancy can  be  accounted  for  by  our 
failure  to  take  account  of  the  varia- 
tions in  diameter  of  the  slip  stream, 
which,  as  we  have  already  seen,  varies 
somewhat  in  size  with  changing  speed 
of  flight. 

It  appears  that  the  formula  (3) 
can  be  used  without  hesitation  to 
secure  the  slip-stream  correction  and 
the  correction  can  undoubtedly  be 
determined  with  much  greater  accu- 
racy in  this  way  than  by  any  adapta- 
tion of  the  results  of  experiments  on 
propellers  of  type  differing  from  that 
which  is  to  be  employed.  Kt  can 
always  be  determined  for  any  machine 
when  tho  speed  of  flight,  propeller 
diameter,  and  horsepower  delivered 
by  tho  engine  under  anjT  given  con- 
ditions are  known.  The  efficiency 
can  be  computed  from  the  propeller  drawings  by  the  standard  blade  element  method.  The 
application  of  (3)  is,  however,  somewhat  more  tedious  than  is  the  simple  process  of  reading  the 
slip-stream  correction  from  tho  curve  of  figure  1,  and  tho  choice  between  tho  two  methods,  whero 
the  propeller  is  close  to  the  usual  form,  is  largely  a  matter  of  personal  preference,  with  the  com  - 
putation  by  the  momentum  theory  having  the  advantage  in  respect  to  accuracy. 


ZZ 


zo 


/8 


/.6 

Vs 
V 

14 


(0 


.8 


SL/F- STREAM  CORFFCT/ONS 
for&ffe/A/o.  9prope//er 

Computed  by  momentum  /neory;  

Found  by  d/recfexper/ment,   

I 

\ 

\ 

\ 

\\ 
\  \ 
-  \  \ 

\ 

\\ 
\\ 

.  \\ 

 \ 

*\ 
\\ 
s\ 

— ^? 

to 
WnoY 

Fig.  2. 


A? 


/.4 


/.6 


610 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


In  order  to  check  the  validity  of  our  original  assumption  that  the  slip-stream  correction 
factors  at  the  point  of  maximum  efficiency  is  the  same  for  all  propellers,  the  values  of  this  factor 
have  been  computed,  by  formula  (3),  for  all  the  propellers  tested  by  Eiffel  up  to  1914,  and  also 
for  some  of  those  tested  by  Dr.  Durand.1  The  values  of  the  correction  for  the  various  pro- 
pellers are  tabulated  below: 


Eiffel. 


Durand. 


No. 

i  V  V 

1 

1.354 

2 

1. 245 

3 

1. 122 

4 

1. 101 

S 

1.435 

6 

1.361 

7 

1.235 

8 

1. 170 

9 

1.178 

10 

1.155 

11 

1. 165 

12 

1.  140 

13 

1.241 

14 

1.268 

IS 

1.219 

15a 

1.258 

16 

1.373 

17 

1.373 

18 

1.439 

19 

1.095 

20 

1.065 

21 

1. 159 

22 

1.339 

23 

1.  170 

24 

1.  108 

25 

1. 166 

26 

1.233 

No: 

V./V 

1 

1. 169 

2 

1.178 

3 

1.  126 

4 

1.143 

5 

1.  199 

6 

1.245 

7 

1.205 

8 

1.241 

9 

1.285 

10 

1.330 

11 

1.330 

12 

1.329 

13 

1. 151 

17 

1.222 

21 

1.296 

•  25 

1.  183 

29 

1.271 

33 

1.390 

The  variation  in  VJ  V  is  greater  than^  might  have  been  expected,  Eiffel's  27  propellers, 
showing  values  ranging  from  1.0G5  to  1.439.  Just  above  half  of  the  models  tested  have  values 
between  1.15  and  1.35,  and  we  can  safely  say  that  these  will  be  the  limiting  values  for  two-bladed 
propellers  of  normal  type  and  pitch.  In  the  case  of  the  Durand  propellers,  VJV  l&y  between 
1.15  and  1.35  for  all  except  2  of  the  18  examined. 

The  figures  obtained  above  lead  to  certain  general  conclusions  as  to  the  dependence  of  the 
slip-stream  effect  on  the  type  of  propeller  employed.  It  appears  that  VJV  depends  primarily 
on  pitch,  being  high  for  those  propellers  in  which  the  pitch-diameter  ratio  is  least.  Eiffel's 
No.  1,  for  example,  which  shows  a  very  high  VJV,  had  a  pitch  of  only  about  one-half  the  diam- 
eter, whereas  No.  20,  for  which  VJV  was  only  1.065,  had  a  pitch  of  1.4  times  the  diameter.  It 
appears,  furthermore,  and  rather  surprisingly,  that  the  slip-stream  effect  is  substantially  inde- 
pendent of  blade  width  and  blade  form,  the  propellers  with  blades  of  constant  width  showing, 
on  the  whole,  a  sligntly  higher  VJV  than  those  with  more  rounded  blade  tips. 

The  use  of  a  cambered  face  on  the  blades  increases  VJ  V.  Durand  Nos.  5  and  29,  for  example, 
are  exactly  alike  except  that  the  former  has  a  flat,  the  latter  a  cambered,  blade  face,  and  No. 
29  gives  a  considerably  higher  slip-stream  velocity  than  does  No.  5.  The  most  pronounced 
effect,  however,  comes  from  varying  the  number  of  blades.  Eiffel's  Nos.  15  and  16  are  exactly 
similar  except  that  the  former  has  two  blades,  the  latter  four  (Nos.  17  and  18  are  also  four- 
hladed),  yet  the  first  gives  a  velocity  ratio  of  1.22,  the  second  of  1.37.  It  is  customary,  in 
using  the  Drzewiccki,  or  blade  element,  theory  of  propeller  design,  to  assume  that  two  narrow 
blades  are  exactly  the  same  as  one  wide  one,  but  analysis  of  experiments  makes  it  appear  that 
that  assumption  is  far  from  the  truth,  and  that  a  given  blade  area  will  absorb  more  power 
when  it  is  subdivided  among  several  blades  than  when  it  is  concentrated  in  two. 


i  ThiM  Annual  Report  of  National  Advisory  Committee  for  Aeronautics;  Washington,  1918. 
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PART  1. 

WIND  TUNNEL  BALANCES. 

By  Edward  P.  Warner  and  F.  H.  Norton. 

DESCRIPTION  AND  DISCUSSION  OF  THE  BALANCE  FOR  THE  ADVISORY  COMMITTEE'S  WIND 

TUNNEL  AT  LANGLEY  FIELD. 

Lu  designing  a  balance  for  the  Langley  Field  wind  tunnel,  after  careful  consideration  and 
analysis  of  the  various  types  which  havo  been  usod  at  other  laboratories,  as  woll  as  of  several 
arrangements  not  hitherto  tried  which  were  suggested,  it  was  decided  to  adhere  in  general  to 
the  type  of  balance  which  lias  been  used,  substantially  without  change,  for  a  number  of  years 
by  the  National  Physical  Laboratory.  There  is  no  other  so  simple  to  use,  yet  the  accuracy 
attainable  is  as  great  as  with  any  of  the  more  complicated  types.  The  design  was  modified  in 
some  respects  to  permit  of  the  measurement  of  largor  forces  than  those  for  which  the  original 
N.  P.  L.  balances  are  suited,  as  well  as  to  introduce  certain  changes  which  seemed  likely  to  im- 
prove the  convenience  or  accuracy  of  the  work.  In  the  description  which  follows  particular 
attention  will  be  paid  to  the  details  in  which  the  balance  differs  from  its  prototype,  very  full 
descriptions  of  the  latter  having  been  printed  in  many  places.1  For  the  benefit  of  those  who 
are  not  familiar  with  the  N.  P.  L.  balance  it  may  be  briefly  explained  that  its  distinguish ing 
feature  is  the  carrying  of  the  whole  balance  on  a  single  pivot,  thus  permitting  it  to  rock  in  two 
planes.  The  model  is  mounted  above  the  pivot  with  its  Y  axis  vertical  (i.  e.,  "standing  on  the 
wing  tip")  and  the  lift  and  drag  aro  measured  simultaneously  by  hanging  weights  on  two  arms 
at  right  angles  to  each  other  and  balancing  the  apparatus  up  in  two  planes  at  onco.  The  lever- 
age ratio  in  this  balance,  as  in  those  in  the  N.  P.  L.  4-foot  tunnels,  is  one-half,  the  distance  from 
the  main  pivot  to  the  center  of  the  model  being  137  cm.  (54  inchos),whfio  that  from  the  pivot 
to  the  scale-pan  sockets  at  tho  ends  of  the  weighing  arms  is  68.5  cm.  (27  inches). 

Assemblies  and  sections  of  the  balance  are  given  in  Plates  I-IV,  and  photographs  of  the 
completed  instrument  in  Figs.  1  and  2.  Figs.  3  to  10,  inclusive,  illustrate  all  tho  parts  (except 
about  10  specially  made  parts  and  such  stock  hardware  as  machine  screws  and  mils)  entering 
into  tho  construction  of  the  balance.  Each  part  is  numbered  in  these  illustrations,  and  fre- 
quent reference  will  be  made  to  them  in  discussing  tho  working  of  various  elements. 

RIGID  PARTS. 

The  frame  is  essentially  the  same  as  in  the  original  N.  P.  L.  balance,  except  that  it  is  cast 
in  one  piece  instead  of  having  the  head  which  carrios  the  moving  part  of  the  instrument  cast 
separate  and  bolted  on.  Furthermore,  where  the  British  design  has  only  one  member  projecting 
from  the  frame  head  the  Langley  Field  balance  has  three,  one  passing  into  tho  movablo  portion 
of  the  bidauco  and  carrying  the  sockot  for  the  main  pivot,  the  other  two  passing  around  the  out- 
side of  the  movable  portion  and  a  little  more  than  half  encircling  it.  A  cast-iron  yoke  is  bolted 
to  tho  ends  of  these  encircling  members,  and  the  balance  proper  is  then  entirely  surrounded  by 
a  ring,  with  just  enough  clearance  to  permit  it  to  rock  without  danger  of  striking  tho  frame. 

I  Report  of  British  Advisory  Committoe  for  Aeronautics,  1913-13,  pp.  ftl-88!  London. 
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The  object  of  thus  encircling  the  balance  with  the  frame  was  to  provide  a  point  of  attach- 
ment for  the  guide  arms.  In  the  N.  P.  L.  instrument  they  pass  through  holes  cut  in  the  sides 
of  the  moving  portion  and  are  bolted  directly  to  the  single  frame  lug  which  carries  the  main 
pivot  socket.  Since  tho  Langley  Field  balance  was  designed  to  carry  loads  up  to  20  kg.  on  the 
model  some  stronger  method  of  attachment  for  the  guide  arms  was  required,  as  well  as  one 
which  would  permit  of  easier  assembling  and  dismounting. 

The  guide  arms  are  made  of  steel  tubes,  25.4  mm.  (1  inch)  in  outside  diameter  and  with 
5-mm.  walls.  They  are  pinned  into  sockets  at  the  end,  and  these  sockets  are  bolted  directly  to 
the  frame  or  (in  the  case  of  the  lift  arm)  to  the  yoke  which  connects  to  the  frame  and  passes 
around  tho  balance.  The  worst  stress  in  the  guide  arms  occurs  when  there  is  no  weight  on  the 
weighing  arms  and  the  load  on  the  model  is  at  a  maximum  or  when  the  wind  is  suddenly  stopped 
with  the  weight  in  the  scale-pans  adjusted  to  balance  a  large  load.  With  a  load  of  20  kg.  acting 
on  the  model  the  force  applied  at  the  end  of  the  guide  arm  is  40  kg.,  and  the  bending  stress  at  the 
root  of  the  arm  is  1,475  kg.  per  square  centimeter  (21,000  pounds  per  square  inch).  The  guide 
arms  carry  cages  which  slide  in  dovetailed  slots  and  can  be  adjusted  by  screws  through  a  vertical 
range  of  about  6  mm.  in  order  to  facilitate  the  preliminary  lining  up  of  the  instrument  with  the 
lower  pivot  engaged.  Instead  of  using  a  thread  or  wire  as  a  reference  line  a  piece  of  glass  with 
a  hair  line  scribed  on  it  is  mounted  in  the  side  of  each  cage.  The  weighing  arms  are  nickel 
plated,  and  the  reference  line  carried  by  the  cage  is  lined  up  with  its  own  reflection  in  the  weigh- 
ing arm  and  with  a  similar  line  scribed  on  that  arm,  thus  avoiding  any  possibility  of  parallax 
due  to  the  considerable  distance  between  the  two  arms. 

The  dashpot  is  nearly  identical  with  that  on  the  N.  P.  L.  instrument.  It  was  cast  with  two 
passages,  connecting  opposite  pairs  of  chambers,  cored  in  the  bottom,  and  a  petcock  communi- 
cates With  each  of  those  cored  passages.  This  insures  that  the  damping  liquid  M  ill  always  stand 
at  the  same  level  in  opposite  chambers,  but  it  is  still  possible  to  have  it  at  different  levels  in 
adjacent  chambers  or  to  use  liquids  of  different  vicosities  if  it  is  desired  to  damp  tho  oscillations 
in  one  plane  more  powerfully  than  those  in  the  other. 

BRAKE  AND  LOWER  PIVOT  SOCKET. 

The  brake,  a  short  distance  above  the  dashpot,  is  of  a  different  type  from  that  used  by  tho 
N.  P.  L.  as  it  was  necessary  to  secure  a  very  powerftd  grip,  capable  of  resisting  a  large 
torsional  moment,  on  the  lower  tube,  but  without  risking  crushing  that  thin-walled  tube.  The 
brake  used  is  identical  in  principle  with  a  lathe  collet  and  gives  a  uniform  pressure  over  virtually 
the  entire  circumference  of  the  tube. 

A  mechanism  for  raising  and  lowering  the  lower  pivot  socket,  causing  engagement  or  release 
of  the  pivot,  is  mounted  underneath  the  dashpot.  The  parts  are  illustrated  and  numbered  in 
fig.  6.  The  handle  1  is  fastened  to  the  cam  4  and  the  rotation  of  this  handle  through  a  quarter 
turn  raises  the  cam  3  by  10  mm.  The  adjusting  screw  5  is  screwed  into  3  and  transmits  the 
vertical  movement  to  the  pivot  socket  7  through  the  sleeve  6  and  the  spring  8;  7  rises  freely 
until  it  comes  in  contact  with  the  lower  pivot,  and  thereafter,  as  3  and  the  attached  parts 
continue  to  rise,  8  is  compressed,  increasing  the  pressure  between  the  pivot  and  its  socket. 
When  3  has  been  raised  to  its  maximum  height  the  pressure  between  the  pivot  and  socket 
can  be  adjusted  by  turning  the  screw  5  in  the  cam  3,  two  turns  of  the  screw  being  sufficient  to 
change  the  pressure  from  0  to  20  kg.  The  spring  9,  much  weaker  than  8,  is  used  to  assist  gravity 
in  throwing  the  socket  out  of  engagement  after  the  cam  has  been  lowered.  This  device  is  very 
much  quicker  and  easier  to  operate  than  the  usual  simple  screw  and  spring,  and  it  has  the  great 
advantage  of  permitting  an  adjustment  of  pressure  for  different  lateral  forces  of  the  pivot  against 
its  socket  and  for  different  total  weights  to  be  carried.  The  load  can  thus  be  distributed  between 
the  upper  and  lower  pivots  in  any  manner  desired. 
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MOVING  PARTS  OF  BALANCE. 

In  order  to  reduce  the  weight  of  the  main  pivot,  the  upper  and  lower  parts  of  the  balance 
were  both  cast  of  aluminum  alloy  instead  of  bronze,  as  has  been  the  practice  hitherto.  Since 
an  aluminum  to  aluminum  hearing  at  the  point  where  the  pieces  touch  would  be  undesirable,  a 
steel  plate  is  screwed  to  the  lower  face  of  the  upper  part.  This  plate  has  teeth  cut  around  its 
periphery,  and  these  mesh  with  the  teeth  on  the  pinion  whose  case  is  mounted  on  the  clamping 
ring  (to  be  described  later).  By  rotating  the  pinion  knob  the  upper  part  of  the  balance  is  turned 
with  reference  to  the  lower  part  and  the  angle  of  incidence  can  thus  be  adjusted  very  accurately. 
The  main  balance  castings  were  proportioned  for  stiffness  and  for  reasonable  ease  of  construc- 
tion, rather  than  from  the  standpoint  of  stress.  The  maximum  bending  stress  in  the  lower 
head  is  29  kg.  per  square  centimeter,  giving  a  factor  of  safety  of  about  40,  and  that  in  the  upper 
head  is  quite  as  large. 

The  force  acting  on  the  balance,  and  tending  to  separate  the  upper  and  lower  heads  on  one 
side  while  forcing  them  together  on  the  other,  is  too  great  to  permit  the  use  of  the  T-slot 
arrangement  employed  by  the  N.  P.  L.,  and  the  two  pieces  were  therefore  clamped  together  by 
an  alloy-steel  ring  threaded  onto  the  lower  part  and  with  a  flange  turned  inward  and  bearing 
against  the  upper  portion.  This  ring  is  one  of  the  few  parts  of  the  balance  which  is  probably 
materially  stronger  and  heavier  than  it  needs  to  be.  The  stress  in  such  a  flange  is  difficult  to 
compute  with  accuracy  because  of  uncertainty  as  to  the  distribution  of  the  pressure  between 
the  surfaces,  but  it  is  estimated  on  the  best  assumptions  available,  as  700  kg.  per  square  centi- 
meter (1 0,000  pounds  per  square  inch),  giving  a  factor  of  safety  of  over  10.  It  would  bo  safe  to 
reduce  the  maximum  thickness  of  the  clamping  ring  and  its  flange  to  3  mm.  (three-sixteenths 
inch),  and  the  weight  could  thus  be  reduced  by  about  500  gms. 

The  clamping  ring  covers  up  the  portion  of  the  upper  head  which  normally  bears  the  grad- 
uated circle,  and  the  graduations  have  therefore  been  transfcred  to  the  horizontal  portion  of 
that  head,  just  inside  the  inner  edge  of  the  clamping  ring  flange.  Since  this  is  too  high  from  tho 
floor  to  be  convenient  for  direct  observation,  a  prism  is  mounted  on  the  clamping  ring  so  that 
the  graduations  can  be  read  with  the  eye  on  a  level  with  the  plane  dividing  the  two  parts  of  the 
balance.  A  movable  vernier  is  mounted  at  the  same  point  and  its  graduations  are  also  reflected 
in  the  prism. 

The  weighing-arms,  instead  of  being  cantilevers,  as  in  previous  balances  of  this  type,  are 
trussed  with  tie-rods.  The  arms  are  made  of  steel  tubes  25.4  mm.  (1  inch)  in  diameter,  with 
walls  1.5  mm.  (0.06  inch)  thick,  and  are  trussed  with  rods  4.5  mm.  in  diameter,  making  an  angle 
of  12°. 5  with  the  arms  themselves.  The  compressive  stress  in  the  arms  under  the  maximum 
load  is  159  kg.  per  square  centimeter  (2,260  pounds  per  square  inch)  and  the  tensile  stress  in 
,  the  tie-rods  is  943  kg.  per  square  centimeter  (13,400  pounds  per  square  inch).  In  order  to  carry 
tho  same  load  with  solid  arms  acting  as  cantilevers  they  would  have  to  be  24  mm.  in  diameter, 
or  approximately  the  same  as  the  outside  diameter  of  the  thin-walled  tubes  now  used.  Tho 
deflection  with  cantilever  arms  would  be  much  greater  than  with  trussed,  and  the  weight  would 
be  at  least  twice  as  great  as  the  weight  of  the  present  arrangement. 

Counterweights  are  provided  for  lift  and  drag.  The  lift  counterweight  is  made  flat  on  top 
so  that  more  weight  can  be  easily  attached  there  when  large  negative  lifts  have  to  bo  measured, 
by  removing  part  of  the  weight  placed  in  the  scalcpan  to  balance  the  counterweight.  Since 
negative  drags  never  occur,  the  same  necessity  of  adding  weight  does  not  arise  for  the  drag 
counterweight. 

The  main  pivot  is  carried  in  a  ribbed  plate  cast  of  aluminum  alloy  and  lixed  inside  the  lower 
part  of  the  balance.  This  plate  carries,  in  addition  to  tho  main  pivot,  two  pivots  and  two 
knife-edges,  arranged  around  the  circumference  of  a  circle.  All  five  pivots  and  knife-edges 
lie  on  the  same  level.  Tho  balance  frame  carries,  in  addition  to  the  main  pivot  socket,  a  pivot 
socket  and  a  knife-edge  socket  in  line  with  the  lift  arm  and  a  little  lower  than  the  main  socket. 
When  it  is  desired  to  measure  drag  alone  the  main  pivot  is  lowered  with  a  special  wrench  in- 
serted through  a  slot  cut  in  the  slide  of  the  balance,  and  the  balance  is  dropped  until  one  of  the 
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secondary  pivots  and  one  of  the  knife-edges  mentioned  above  come  into  contact  with  their  sock- 
ets, just  as  in  the  original  N.  P.  L.  instrument.  The  balance  then  has  only  1  degree  of  freedom 
and  the  lift  arm  can  be  disregarded  entirely  unless  the  lift  is  very  large,  in  which  case  enough 
weight  should  be  hung  on  the  lift  arm  to  balance  the  lift  approximately  (within  1  or  2  kg.). 
If  this  is  not  done  the  weight  of  the  balance  maj-  be  insufficient  to  hold  it  down,  and  the  pivot 
may  rise  from  its  socket  entirely.  The  other  pivot  and  knife-edge  are  used  to  measure  lift  alone. 
Their  sockets  are  carried  by  a  horseshoe-shaped  link,  pivoted  to  the  frame  at  its  open  end  and 
resting  at  the  other  end  against  the  point  of  a  screw  which  is  threaded  into  the  frame.  This 
pair  of  sockets  are  in  line  with  the  drag  arm  and  are  normally  a  little  lower  than  the  pair  used 
for  measuring  drag  alone.  When  it  is  desired  to  measure  lift  alonef  the  screw  supporting  the 
closed  end  of  the  link  is  turned,  raising  the  link  and  its  pair  of  sockets  until  the  sockets  come  in 
contact  with  the  pivot  and  knife-edge  and  lift  the  balance  oh*  of  the  main  pivot.  The  balance 
is  therefore  a  little  above  its  normal  position  when  lift  alone  is  being  measured  and  a  little 
below  it  when  it  is  the  drag  that  is  taken,  but  the  total  vertical  displacement  does  not  exceed 
2  mm. 

The  four  dashpot  fins  and  the  platform  on  which  the  " sensitivity  weights''  rest  are  made  of 
a  single  aluminum  casting  in  order  to  get  the  weights  as  far  as  possible  below  the  center  of 
gravity. 

The  drawings  and  photographs  show  the  balance  only  as  far  as  the  upper  end  of  the  trumpet 
top.  Beyond  this  comes  the  spindle,  which  presents  a  special  problem  in  that  not  only  the 
Weight  and  strength,  but  the  outside  diameter,  must  be  taken  into  consideration,  as  the  inter- 
ference of  the  spindle  with  the  flow  about  the  wing  is  always  a  serious  factor,  and  no  effort  must 
be  spared  to  reduce  it.  It  is  very  desirable  that  the  wing  be  supported  by  the  tip,  as  the  inter- 
ference of  a  center  support  is  much  greater.  With  a  spindle  attached  at  the  wing-tip,  the 
whole  force  on  the  model  acts  at  a  large  moment  arm  to  produce  bending  stress  in  the  spindle. 
With  a  wing  60  by  10  cm.  and  a  force  of  20  kg.,  a  spindle  of  mild  steel  has  to  be  at  least  16  mm. 
in  diameter  at  the  point  of  attachment  to  the  wing  to  give  a  factor  of  safety  of  4.  With  a  spin- 
dle of  high-grade  heat-treated  alloy  steel  this  diameter  can  be  reduced  to  12  mm.  For  uniform 
stress,  the  spindle  diameter  at  the  trumpet  top  would  be  only  21  per  cent  greater  than  that  at 
the  wing,  but  it  is  well  to  taper  a  little  more  abruptly  than  this  in  order  to  secure  increased 
stiffness.  When  the  parasite  resistance  of  bodies,  airship  hulls,  or  other  streamline  forms  is 
being  determined  a  very  much  smaller  spindle  can  be  used  than  when  wings  are  being  tested. 
With  an  airship  hull  of  low  resistance  coefficient,  the  model  being  12  cm.  in  diameter  and  being 
tested  at  a  speed  of  50  meters  per  second,  the  spindle  diameter  at  the  point  of  attachment  need 
be  only  1 .9  mm.  in  diameter,  tapering  to  2.8  mm.  at  a  distance  of  15  mm.  Here  again  a  sharper 
taper  would  be  advisable  to  reduce  the  deflection  and  avoid  vibration  of  the  model.  In  any 
case,  however,  a  correction  for  the  effect  of  spindle  deflection  (discussed  in  another  section  of  this 
report)  would  he  necessary  with  a  spindle  of  such  a  small  tip  diameter  as  this. 

PITCHING  MOMENT  DEVICE. 

The  torsion  wire  used  by  the  N.  P.  L.  for  measuring  pitching  moments  being  unsatis- 
factory in  some  respects  a  secondary  balance  beam  for  weighing  these  moments  directly  is  in- 
corporated in  the  Langley  Field  instrument,  as  in  that  at  the  Bureau  of  Standards  and  several 
others.  The  moment  weighing  arm  is  an  aluminum  casting.  The  moment  is  transmitted  to 
it  from  the  lift  counterweight  arm  of  the  balance  through  a  strut  and  spring  clamp  similar 
to  those  used  by  the  N.  P.  L.  for  preventing  rotation  of  the  balance,  and  is  balanced  by  weight 
hung  at  the  end  of  the  horizontal  beam  of  the  weighing  arm.  The  ratio  between,  the  lengths 
of  the  horizontal  and  vertical  arms  is  3,  so  that  the  weight  in  the  scalepan  is  one-third  the  lateral 
pressure  of  the  strut  or  clamp  against  the  socket  at  the  top  of  the  weighing  beam.  Tf  the  lat- 
eral pressure  becomes  greater  than  the  total  weight  of  the  beam  and  parts  attached  to  it  the  knife- 
edges  on  which  the  beam  rocks  will  jump  out  of  their  sockets,  the  sides  of  which  have  a  slope 
of  45°.    When  tests  are  made  at  high  speeds  and  with  models  so  mounted  that  the  pitching 
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FIG.  3. —  FRAME,  DASHPOT,  AND  OTHER  RIGID  PARTS. 


FIG.  *.— 1,  LOWER  HEAD:  2.  CLAMPING  RING;  3.  PIVOT  PLATE;  4,  VERNIER 
AND  PRISM;  5,  PINION  AND  CASING. 


FIG.  5.-1,  UPPER  HEAD;  2.  TRUMPET  TOP;  3,  4,  PIVOT  AND  KNIFE- 
EDGE  SOCKETS;  5,  6.  BUSHINGS;  7,  DASHPOT  COVER. 
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FIG.  6.— 1  TO  11,  LOWER  PIVOT  AND  LOWER  PIVOT  SOCKET  PARTS;  12, 
V.  F.  LINK  FRAME;  13,  V.  F.  ROD  SOCKET;  14,  V,  F.  LINK;  17,  18, 
COUNTERWEIGHT  ARMS;  19,  20,  COUNTERWEIGHTS:  21,  SENSI- 
TIVITY WEIGHT  SPINDLES:  22.  23.  BRAKE  PARTS. 


FIG.  7.— 1  TO  16.  MOMENT  DEVICE  PARTS;  17  TO  21,  MICROSCOPE  PARTS. 
B1R-3 


FIG.  8.— 1,  2,  GUIDE  ARMS:  3,  V.  F.  CAGE  AND  DASHPOT:  5,  V.  F.  DAM  PI  NG 
VANE;  6,  7,  CAGE  CARRIER  AND  CAGE;  10.  RIDER  PUSHERS;  II,  12. 
MOMENT  GUIDE  ARM  AND  CAGE. 


FIG.  9.— 1,  DASHPOT  FINS;  2,  3,  4,  RIDERS;  5,  6,  SCALE  PANS;  7.  V.  F. 
KNIFE-EDGE  FRAME;  9,  10,  11,  WEIGHING  ARMS;  12,  WEIGHING 
ARM  TIE-RODS. 
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moment  is  largo  it  is  therefore  necessary  to  add  dead  weight  to  the  weighing  beam  to  hold  it 
down.  A  counterweight  is  placed  opposite  the  scalepan  on  which  the  weights  to  balance  the 
moment  are  hung,  and  this  counterweight  is  heavy  enough  and  placed  far  enough  from  the  axis 
of  rotation  of  the  beam  so  that  tho  zero  weight  which  must  be  placed  in  the  scalepan  to  balance 
the  beam  with  no  wind  on  is  greater  than  the  largest  diving  moment  which  is  likely  to  be  meas- 
ured.   Both  stalling  and  diving  moments  can  thus  be  measured  with  a  single  scalepan. 

The  spring  clamp  used  for  transmitting  the  moment  to  the  weighing  beam  is  made  with  a 
single  helical  spring  behind  one  pivot.  The  pressure  of  this  spring  can  be  adjusted  by  turning  the 
knurled  head  of  the  clamp.  A  C-spring  of  the  type  used  on  earlier  N.  P.  L.  balances  could 
not  be  made  to  give  the  requisite  pressure  and  still  be  kept  within  reasonable  limits  of  size. 
The  strut  which  opposes  the  spring  clamp  is  made  of  a  steel  tube,  3  mm.  outside  diameter, 
1.5  mm.  inside  diameter,  with  hardened  points  mounted  in  its  ends. 

A  separate  dash-pot  is  provided  for  damping  the  oscillations  of  the  moment  weighing  aim. 
The  damping  (in  is  carried  at  the  lower  end  of  a  rod  which  runs  down  through  a  slot  in  the  table 
top  of  the  balance  frame. 

When  lift  and  drag  are  to  be  measured  the  moment  beam  is  locked,  in  order  to  prevent 
rotation  of  the  balance  about  a  vertical  axis,  by  passing  a  pin  through  holes  drilled  in  the  sides 
of  the  moment  guide  arm  and  in  the  weighing  arm  itself.  The  balance  can  be  adjusted  for  align- 
ment of  the  arms  with  the  wind  by  moving  the  socket  which  is  set  in  the  lift  counterweight 
arm  and  which  is  provided  with  a  screw  adjustment. 

MICROSCOPE  FOR  ALIGNMENT. 

In  order  to  check  the  alignment  of  the  arms  with  the  wind,  a  microscope  is  mounted  on 
the  table  top  of  the  balance  frame,  and  a  reference  line  is  carried  on  the  balance  itself,  exactly 
as  in  the  original  instrument  except  for  mechanical  details.  The  reference  line  is  made  ad- 
justable with  a  micrometer  screw  in  order  that  it  may  be  brought  intc  line  with  the  cross  hair 
of  the  microscope  when  the  alignment  is  first  determined  or  whenever  it  is  checked.  The  refer- 
ence line,  once  located,  is  left  fixed,  and  the  two  lines  are  thereafter  brought  into  alignment, 
whenever  they  get  out  from  any  cause,  by  moving  the  strut-and-spring  clamp  socket  as  de- 
scribed in  the  last  section.  Ordinarily  the  lines  should  come  into  register  whenever  the  locking 
pin  is  passed  through  the  moment  weighing  arm  without  any  adjustment. 

VERTICAL  FORCE  ARM. 

When  lateral  stability  or  control  is  to  be  investigated,  requiring  the  measurement  of  six 
forces  and  moments  instead  of  three,  the  model  is  set  up  with  the  Y-axis  horizontal  and  the 
lift  is  measured  directly  on  the  vertical  force  arm,  which  runs  in  the  opposite  direction  from  the 
drag  arm.  The  method  used  in  the  Advisory  Committee's  balance  is  identical  with  that  de- 
vised and  used  by  the  N.  P.  L.,  and  fully  described  in  the  Report  of  the  British  Advisory  Com- 
mittee for  Aeronautics  for  1912—13.  Since  the  lift  on  a  wind  tunnel  model  at  high  speeds  is 
greater  than  the  weight  of  the  model,  enough  weights  are  strung  on  the  vertical  rod  which 
passes  inside  the  balance  to  insure  that  the  total  weight  on  the  inner  end  of  the  V.  F.  weighing 
arm  will  be  greater  than  the  maximum  lift. 

CONCLUSION. 

While  it  is  perhaps  unwise  to  attempt  to  set  a  limit  to  future  progress  in  any  direction,  it 
is  not  believed  that  the  N.  P.  L.  type  of  balance  will  prove  applicable  to  tunnel  sizes  and  wind 
speeds  very  much  in  excess  of  those  at  present  realized.  The  load  becomes  too  great  for  a 
single  pivot,  the  errors  due  to  deflection  rapidly  run  up  with  the  size  of  balance,  and  the  han- 
dling of  the  weights  becomes  an  arduous  task  with  growing  forces  on  the  model.  Even  in  the 
present  balance  40  kg.  must  be  lifted  onto  tho  scalepan  to  balance  the  maximum  lift.  Tf  there 
is  to  be  much  further  increase  in  the  values  of  LV  reached  in  model  experiments,  that  increase 
probably  must  be  accompanied  by  the  adoption  of  a  new  type  of  weighing  instrument. 
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SENSITIVITY  OF  WIND  TUNNEL  BALANCES  OF  THE  N.  P.  L.  TYPE. 

The  balances  used  in  aerodynamic  measurements,  whatever  may  be  their  type,  work 
under  conditions  radically  different  from  those  to  which  practically  all  other  weighing  ma- 
chines are  exposed  in  that  the  load  acting  on  the  balance  is  never  steady,  but  varies  with  the 
greatest  rapidity.  In  a  chemical  balance  the  action  of  gravity  on  the  weights  and  on  the  sub- 
stance to  be  weighed  is  absolutely  unchanging,  assuming  an  absence  of  chemical  or  physical 
action  with  the  surrounding  air,  and  the  only  variable  forces  are  those  due  to  the  currents  of 
air  striking  the  balance.  In  a  good  balance  even  these  arc  guarded  against  by  the  inclosure 
of  the  balance  in  a  case,  means  being  provided  for  manipulating  the  weights  from  outside. 

When  it  is  attempted  to  measure  forces  due  to  fluid  vclocit}'  the  whole  problem  of  instru- 
ment design  is  much  altered,  for  it  becomes  necessary  to  balance  a  fixed  force,  the  pull  of 
gravity  on  the  weights,  against  a  variable  one,  the  pressure  on  the  object  being  tested.  It 
was  with  the  object  of  eliminating  this  dissymmetry  that  Lanchester  devised,  a  number  of 
years  ago,  his  aerodynamic  balance  in  which  the  two  forces  balanced  against  each  other  varied 
in  the  same  way.  In  this  instrument,  used  chiefly  for  finding  the  skin  friction  of  plates,  the 
object  to  be  tested  was  held  at  one  end  of  a  horizontal  arm,  the  other  end  of  which  supported 
a  small  flat  plate  so  oriented  as  to  bo  normal  to  the  wind.  The  horizontal  arm  was  free  to  rotate 
about  a  vertical  axis  through  its  center.  In  use  the  apparatus  was  exposed  to  a  rapidly  moving 
current  of  air,  and  the  area  or  position,  or  both,  of  the  normal  flat  plate,  were  varied  until  the 
arm  showed  no  tendency  to  rotate.  The  moments  about  the  axis  were  then  equal  and, 
since  the  distance  of  each  surface  from  the  center  of  rotation  could  be  measured  and  since  the 
resistance  of  normal  flat  plates  had  already  been  determined  with  a  fair  degree  of  accuracy 
by  other  experimenters,  using  other  methods,  it  was  possible  to  solve  for  the  unknown  resist- 
ance. Once  the  arm  on  this  instrument  was  balanced,  it  should  show  no  tendency  to  rotate 
due  to  changes  in  wind  velocity,  provided  the  velocity  at  any  given  instant  was  the  same  at 
the  two  ends  of  the  arm,  as  the  resistance  of  each  object  was  very  nearly  proportional  to  the 
square  of  the  velocity,  and  the  ratio  of  the  resistances  would  be  quite  independent  of  wind 
speed.  For  this  same  reason,  indeed,  measurements  of  the  wind  speed  were  wholly  unneces- 
sary for  the  determination  of  the  coefficients.  A  device  similar  in  conception  was  used  by 
Dines  at  about  the  same  time  for  measuring  resistances.  In  this  case  the  surface  tested  was 
carried  on  a  whirling  arm,  and  the  resistance  was  balanced  against  the  centrifugal  force  on  a 
weight  connected  to  the  surface  through  a  bell  crank.  Here,  again,  no  measurement  of  speed 
was  required,  as  the  resistance  of  tho  object  tested  and  the  centrifugal  force  on  the  weight  were 
both  proportional  to  the  square  of  the  angular  velocity  of  the  whirling  arm.  An  arrangement 
for  balancing  the  force  on  two  surfaces  against  each  other  is  also  used  in  Mi-.  Orville  Wright's 
balance. 

Such  devices  as  these,  however  great  their  ingenuity,  are  inevitably  unsatisfactory  hi  some 
respects.  In  the  first  typo  described,  a  preliminary  determination  of  the  resistance  coefficient 
for  a  flat  plate  normal  to  the  wind  was  required,  and  the  accuracy  of  all  subsequent  experi- 
ments was  limited  by  tho  accuracy  of  this  preliminary  determination.  No  absolute  measure- 
ments of  resistance  were  possible.  In  both  cases  the  mechanical  complications  introduced 
by  the  shifting  of  a  surface  or  of  a  bob  weight  were  extreme. 
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In  nearly  all  balances  used  in  aerodynamical  laboratories  at  the  present  time,  then,  to  return 
to  the  original  statement,  fixed  and  variable  forces  are  involved.  No  satisfaptoiy  means  of 
automatically  controlling  the  wind  velocity  in  a  tunnel  has  yet  been  devised,  despite  the  con- 
siderable number  of  trials  which  have  been  made,  and  it  is  still  necessary  to  depend  on  manual 
regulation.  This  involves  a  distinct  time  lag  between  the  occurrence  of  a  velocity  fluctuation 
and  its  correction  by  the  manipulation  of  the  rheostat,  so  that,  even  with  a  highly  skilled  opera- 
tor, the  wind  velocity  may  vary  more  than  Y2  per  cent  each  way  from  the  mean  value,  the,  period 
of  the  velocity  oscillation  being  from  2  to  10  seconds.  A  variation  of  Yi  per  cent  in  the  wind 
velocity  implies,  since  the  forces  vary  as  the  velocity  squared,  a  variation  of  1  per  cent  in 
the  forces  acting  on  the  model.  The  magnitude  and  nature  of  tliis  variation  must  be  kept 
always  in  mind  in  designing  the  balance,  and  the  instrument  must  be  so  arranged  as  to  yield  the 
most  accurate  results  possible  under  the  special  conditions  which  it  has  to  meet. 

We  shall  examine  first  the  sensitivity  of  the  type  of  balance  originated  at  the  National 
Physical  Laboratory  and  used  in  this  country  at  the  Massachusetts  Institute  of  Technology, 

at  the  new  tunnel  of  the  Curtiss  En- 
gineering Corporation,  and  in  the 
Advisory  Committee's  tunnel  now 
under  discussion,  in  which  a  single 
pivot  is  used  for  support  and  the 
balance  has  two  degrees  of  freedom. 

In  the  first  place,  since  it  is  neces- 
sary to  balance  up  the  instrument 
with  no  wind  blowing  in  order  to 
determine  the  amount  of  weight  re- 
quired to  counterbalance  the  statical 
couple  due  to  the  model  and  the 
weight  of  the  unsymmetrically  dis- 
posed portions  of  the  instrument, 
there  must  be  a  sufficient  degree  of 
"statical  sensitivity,"  working  as  an 
ordinary  physical  balance,  to  keep  the 
error  in  the  readings  on  this  prelimi- 
nary test  within  reasonable  bounds. 

The  magnitude  of  the  error  permis- 
sible depends  upon  the  greatest  abso- 
lute accuracy  desired  in  the  deter- 
mination of  lift  or  drag.  In  the  case 
of  a  wing,  this  greatest  accuracy  is  required  in  the  measurement  of  the  drag  near  those  angles 
where  the  drag  coefficient  is  a  minimum.  The  minimum  drag  of  a  wing  60  by  10  cm.  at 
a  wind  speed  of  30  m.  per  second  is  about  72  g.  In  order  that  the  error  in  the  determina- 
tion of  this  amount  may  not  be  over  1  per  cent,  the  possible  error  in  the  preliminary  run 
with  no  wind  on  should  under  no  conditions  exceed  per  cent  of  the  quantity  to  be  measured, 
or,  roughly,  0.35  g.  In  order  that  the  measurement  may  be  accurate  to  this  amount  it  is 
necessary  to  make  the  theoretical  sensitivity  quite  a  little  better  than  0.35  g.,  as  there  is 
always  some  friction  between  a  pivot  and  its  socket,  especially  where,  as  in  an  instrument 
of  this  type,  the  pivot  must  be  somewhat  blunted  hi  order  that  it  may  carry  its  load  with- 
out crushing.  In  actual  practice  with  heavy  pivot-supported  aerodynamic  balances,  it  is 
found  to  l>e  possible  to  secure  a  distinct  movement  of  the  drag  arm  due  to  changes  of  weight 
of  0.05  g.  The  lift  arm  is  somewhat  less  sensitive,  as  motions  of  this  arm  are  opposed  not  only 
by  the  friction  between  the  pivot  and  its  socket,  but  also  by  the  friction  between  the  lift  counter- 
weight arm  and  the  two  pivots  (on  the  strut  and  spring  clamp)  which  prevent  rotation  of  the 
balanco  about  a  vertical  axis.  A  sensitivity  of  0.05  g..  while  it  is  sometimes  useful  when  the 
forces  to  be  measured  are  very  small,  as  in  the  determination  of  the  resistance  of  a  streamline 
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body,  is  seldom  required  and  seldom  obtained.  In  general,  if  means  be  provided  for  adjusting 
the  balance  to  give  a  sensitivity  of  0.1  g.,  the  results  will  be  perfectly  satisfactory. 

The  forces  acting  on  the  balance  with  no  wind  blowing  aro  shown  diagrammatically  in  figure 
10.  G  is  the  combined  center  of  gravity  of  the  moving  portions  of  the  balance,  the  model,  and 
the  weights  required  to  balance  the  unsymmetrically  disposed  portions  of  the  model  and  of 
the  instrument  itself  and  is  located  at  a  distance  X0  below  the  pivot.  These  weights 
are,  of  course,  considered  as  applied  at  the  point  whore  the  scalepan  pivot  touches 
its  socket  in  the  weighing  arm.  W  is  the  sum  of  all  these  weights  (balance,  model, 
etc.).  If  a  force  Aw  be  applied  at  tho  point  A  or,  what  amounts  to  the  same  thing, 
if  the  weight  on  the  scalepan  be  decreased  by  IcAw  where  Jc  is  the  multiplication  ratio  between  the 
vortical  and  the  horizontal  arms  of  the  balance,  the  balance  will,  neglecting  friction,  rotate 

about  the  pivot  through  an  angle  whose  circular  measure  is  equal  to  j^jj"  The  vortical  move- 
ment of  tho  roforenco  lino  at  the  end  of  the  weighing  arm  will  then  be  'jjj^r  •    If  a  certain  value 

e  be  assumed  for  the  minimum  perceptible  value  of  tliis  movement  tho  sensitivity  is  given  by 
Wx  e 

the  expression:  Aw  =  -j^j-  An  increase  of  sensitivity  requires  decrease  of  Aw,  and  this  can  be 

secured  by  modifying  any  one  of  four  terms  (it  is  assumed  that  «  can  not  be  further  decreasod 
except  by  the  use  of  a  microscope  for  observing  the  movements  of  the  reference  lino).  W  is 
always  reduced  to  as  low  a  value  as  possible  if  for  no  other  reason  than  to  keep  down  the  load  on 
the  pivot,  but  there  are  well  defined  limits  beyond  which  this  reduction  can  not  proceed  without 
sacrificing  the  strength  and  stiffness  of  the  instrument  to  an  extent  which  will  introduce  large 
errors. 

It  would  appear  from  tho  formula  that  Aw  could  be  reduced  by  increasing  h  or  I,  or  both, 
but  this  is  not  actually  the  case,  since  any  increase  in  these  quantities  requires  more  than  a 
proportionate  increase  in  weight  in  order  to  keep  the  deflection  of  the  structure  witlun  safe 
limits,  h  is  always  made  as  small  as  possible  without  bringing  the  enlarged  sections  of  the 
balanco  head  close  enough  to  the  odgo  of  the  wind  stream  to  intcrfero  with  tho  flow  of  air.  I  is 
made  as  short  as  has  been  found  expedient  (usually  l=\  h)  as  any  shortening  of  I  rapidly  in- 
creases tho  amount  of  weight  which  must  bo  handled  and  the  load  on  the  pivot.  There  remains, 
among  the  several  variables,  only  x0,  and  this  can  be  reduced  practically  without  limit.  Here 
again  the  conditions  under  which  wind  tunnel  balances  work  aro  peculiar.  "Whereas,  in  the 
ordinary  scientific  balance,  it  is  necessary  only  to  construct  the  beam  and  attached  parts  so 
that  their  combined  center  of  gravity  will  be  very  slightly  below  tho  knife-edge  and  then  to 
place  the  knife-edge  sockets  for  the  sealepans  so  that  a  straight  line  connecting  them  will  pass 
through  the  knife-edge  supporting  the  beam,  thus  making  the  sensitivity  independent  of  the 
weight  in  the  scale  pans,  in  the  case  of  tho  wind  tunnel  balance  neithor  tho  total  weight  of  the 
rigidly  assembled  moving  parts  nor  the  position  of  thoir  center  of  gravity  ever  remains  fixed  for 
two  consccutivo  tests  (unless  they  be  made  on  tho  samo  model  under  identical  conditions).  In 
the  case  of  tho  Langley  Field  tunnel,  for  example,  tho  weight  of  the  model  and  of  the  spindle 
which  supports  it  may  lio  anywhere  between  50  and  10,000  g.  Since  the  center  of  gravity  of 
the  model  is  about  140  cm.  above  the  center  of  gravity  of  the  rest  of  the  balance,  the  effect  of 
changing  from  the  lightest  to  the  heaviest  model  is  to  raise  the  center  of  gravity  of  the  whole 
assembly  by  about  60  cm.  Manifestly,  if  x0  was  very  small  with  the  light  model  in  place,  it 
would  have  a  large  negative  value  when  the  heavy  one  was  substituted,  and  the  balance  would 
be  unstable.  On  the  other  hand,  if  x0  was  adjusted  for  a  small  positive  value  with  the  heavy 
model  its  magnitude  would  greatly  increase  on  changing  over  to  tho  light  one,  Aw  would  there- 
fore bo  augmented  manyfold,  and  the  sensitivity  of  the  measurement  would  be  much  decreased 
just  when  tho  highest  possible  degree  of  accuracy  would  be  required;  that  is,  with  a  small  model 
experiencing  only  small  forces.  It  is  therefore  necessary  to  provide  some  means  of  adjusting 
tho  center  of  gravity  when  the  weight  of  model  is  changed,  and  this  is  done  by  means  of  the 
"sensitivity  weights"  carried  on  the  spindles  just  above  the  dash-pot  (shown  in  the  side  view 
153215— S.  Doc.  166,  66-2  43 
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in  the  general  assembly  drawings  of  the  Advisory  Committee's  balance).  When  the  weight  of 
the  model  is  large,  a  large  amount  of  weight  is  placed  on  the  spindles,  about  70  cm.  below  the 
pivot,  thus  counteracting  the  tendency  of  the  heavy  model  to  raise  the  center  of  gravity.  When 
there  is  no  model  in  position  a  weight  of  about  800  g.  is  required  on  the  spindles  to  balance  the 
capsizing  tendency  of  the  balance  itself,  and  an  additional  amount  of  about  twice  the  weight 
of  the  model  is  required  to  maintain  stable  equilibrium  with  the  model  in  place. 

In  the  particular  case  of  the  committee's  balance  W,  in  the  formula  for  sensitivity,  is  20,700 
g.,  not  including  the  model,  the  weight  in  the  scalepan,  or  any  sensitivity  weights  except  those 
required  to  balance  the  upsetting  tendency  of  the  balance  itself.  With  a  model  in  position  and 
no  wind  on,  the  total  weight  supported  on  the  pivot  lies,  in  most  cases,  between  21,000  g.  and 
49,000  g.,  with  an  average  value  of  about  28,000  g.  h  is  54  inches,  or  about  137  cm.,  and  I  is 
27  inches,  approximately  68.5  cm.  e  may  be  taken  as  0.2  mm.  If  the  required  sensitivity  be 
taken  as  0.1  g.,  which  was  shown  above  to  be  a  fair  avorage  valuo,  x0  must  not  be  more  than 
1.7  cm.  On  the  other  hand,  x0  must  not,  under  any  conditions,  be  negative,  as  the  balance  will 
simply  fall  from  side  to  side,  never  being  in  stable  equilibrium,  and  it  will  be  almost  impossible 
to  secure  any  readings  whatever.  Since  a  movement  of  0.2  mm.  at  the  end  of  the  weighing  arm 
corresponds  to  an  angular  rotation  of  0.00029  radian,  the  product  of  the  total  weight  and  the 
distance  from  the  pivot  to  the  center  of  gravity  may  vary,  without  falling  below  the  minimum 
permissible  sensitivity,  from  0  to  47,000  gm.  cm.  Since  the  sensitivity  weights  are  located 
about  70  cm.  below  the  pivot  a  variation  of  nearly  800  g.  in  the  amount  of  weight  used  is  possible 
without  changing  the  sensitivity  beyond  the  assigned  limits.  A  somewhat  closer  adjustment 
than  this  is  actually  sought  for,  as  it  is  not  desirable,  as  will  be  shown  later,  to  have  too  much 
sensitivity,  but  there  is  no  necessity  for  changing  the  weights  by  smaller  intervals  than  200  g. 
Since  the  weight  is  always  symmetrically  disposed  on  the  two  spindles  the  smallest  weight  used 
is  100  g. 

With  the  wind  on  the  conditions  are  changed  considerably.  All  the  forces  which  acted 
during  the  preliminary  run  continue  in  operation,  in  addition  to  two  new  ones,  the  resultant  force 
ou  the  model  due  to  the  reaction  of  the  moving  air  and  the  weight  used  to  balance  this  resultant. 
(Lift  and  drag  are  here  considered  as  a  unit.  Strictly  speaking,  of  course,  there  are  three  forces 
acting — the  resultant  force  due  to  the  air,  the  pull  of  gravity  on  the  lift  weights,  and  the  pull 
of  gravit}r  on  the  drag  weights.)  The  moments  of  these  two  new  forces  about  the  balance  pivot 
must  be  equal  in  order  that  the  system  may  continue  in  equilibrium. 

The  conditions  of  stability  of  the  sj^stcm  are  also  modified.  The  addition  of  weight  to  the 
scalepans  has  no  effect,  provided  that  the  socket  for  the  scalepan  pivot  is,  as  it  should  be,  exactly 
in  the  horizontal  plane  through  the  main  pivot  when  the  balance  is  in  equilibrium.  Since  there 
is  inevitably  some  deflection  of  the  weighing  arms,  no  matter  how  well  they  may  be  braced,  this 
condition  can  not  be  exactly  obtained  under  all  loads,  but  the  deviation  from  the  ideal  is  small. 
The  magnitude  of  this  deflection  and  the  errors  arising  from  it  are  examined  in  another  part  of 
the  paper. 

If  the  line  of  action  of  the  force  on  the  model  intersects  the  vertical  line  through  the  pivot 
the  change  in  moment  arm  due  to  small  inclinations  of  the  balance  is  negligible,  and  the 
moment  of  the  force  about  the  pivot  remains  substantially  constant  during  the  oscilla- 
tions of  the  balance,  so  long  as  the  force  itself  is  not  varied  by  fluctuations  in  the  wind 
velocity  or  any  other  cause.  If,  however,  the  force  does  not  act  through  a  point  ver- 
tically over  the  pivot  the  two  forces  supposed  to  be  in  equilibrium  (that  due  to  the 
pressure  of  the  air  on  the  model  and  that  due  to  the  pull  of  gravity  on  tho  added  weights) 
will  not  continue  in  equilibrium  when  the  balance  inclines,  and  loss  of  sensitivity  or 
loss  of  stability  of  the  system  will  result,  just  as  is  the  case  when,  in  an  ordinary 
physical  balance,  the  line  connecting  the  points  of  suspension  of  the  scalepans  passes  below  or 
above  the  knife-edges.  It  is  rather  difficult  to  define  satisfactorily  the  point  which,  being  analo- 
gous to  the  point  of  suspension  of  a  scalepan,  should  be  located  directly  above  the  pivot.  For 
the  present,  at  least,  it  will  be  simplest  to  consider  separately  the  effects  of  each  of  the  six  forces 
and  moments  acting  on  an  object,  not  necessarily  symmetrical,  exposed  to  a  current  of  air. 
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Instead  of  considering  the  lift  and  drag,  acting  perpendicular  and  parallel  to  the  relative  wind, 
as  is  the  ordinary  practice  in  wind  tunnel  work,  it  will  he  host  to  deal  with  the  forces  resolved 
parallel  to  axes  fixed  in  the  model,  in  accordance  with  the  current  practice  in  stability  work. 
In  this  way  the  moment  arm  of  each  force  about  the  pivot  will  be  fixed,  whatever  oscillatons 
the  balance  may  undergo.  The  three  forces  are  taken  as  acting  at  an  origin  which  may  be  arbi- 
trarily fixed,  but  which  is  almost  always  located  at  the  center  of  gravity  in  the  case  of  a  model 
of  a  complete  airplane  and  at  the  center  of  the  leading  edge  in  the  case  of  an  aerofoil. 

Oscillations  of  the  lift  arm  of  the  balance  can  obviously  have  no  effect  on  the  sensitivity. 
There  only  result  is  to  incline  the  plane  of  the  wings  out  of  the  vertical.  This  does  not  change 
the  magnitudes  of  any  of  the  forces  along  axes  fixed  in  the  model,  nor  of  the  moments  about 
such  axes,  and,  since  the  moment  arms  are  constant,  as  pointed  out  above,  the  moments  them- 
selves will  not  change. 

Oscillations  of  the  drag  arm,  however,  yaw  the  model  instead  of  rolling  it.  As  soon  as  the 
model  yaws  symmetry  is  destroyed  and  all  of  tho  forces  and  moments  may  be  modified  in  some 
degree.  The  variations  of  the  pitching  moment  are  of  no  interest  in  the  present  connection, 
as  the  moment  is  exerted  about  a  vertical  axis,  and  can  not  possibly  affect  the  equilibrium  of  the 
balance.  Its  only  effect  on  the  sensitivity  is  to  change  the  pressure  of  the  short  balance  arm 
against  the  strut  which  prevents  the  balance  from  rotating  about  a  vertical  axis,  and  so  to 
change  the  friction  at  this  point.  Of  the  five  quantities  remaining,  the  variations  in  the  forces 
Z  and  X,  closely  analogous  to  the  lift  and  drag,  are  small,  but  not  so  small  as  to  be  negligible. 
In  general,  Z  decreases  slightly  with  small  deviations  from  the  position  of  symmetry, 
while  X  increases,  but  exceptions  to  both  of  theso  rules  are  sometimes  encountered. 
The  rate  of  decrease  of  Z  is  usually  about  one-half  of  1  per  cent  for  each  degree  of  yaw. 
The  change  in  X  usually  ranges  from  \  per  cent  to  1£  per  cent  increase  for  each  degree  of 
yaw.  Since  the  oscillations  of  the  two  arms  of  the  balance  are  usually  synchronous, 
both  being  governed  by  the  variations  in  wind  velocity,  the  effect  of  the  movements 
of  the  drag  arm,  causing  the  model  to  take  up  an  angle  of  yaw,  on  the  lift  must  not  be 
neglected.  Since  for  a  model  of  an  airplane  or  other  symmetrical  object,  the  direction  of 
change  of  X  and  Z  is  the  same  for  a  positive  as  for  a  negative  angle  of  yaw,  the  effect  of  the 
changes  is  to  assist  a  return  to  the  position  of  equilibrium  when  the  deviation  is  in  one  direction 
from  that  position  and  to  oppose  it  when  the  deviation  is  in  the  other  direction.  If  the  initial 
sensitivity  (with  no  wind  on)  is  very  great  there  is  danger  that  this  added  moment  opposing  a 
return  to  equilibrium  may  be  large  enough  to  overcome  the  righting  moment  due  to  the  weight 
of  the  balance.  The  result  of  this  will  bo  somewhat  the  same  as  the  result  of  using  insufficient 
counterweight  to  balance  a.  heavy  model,  but  the  instability  in  this  case  will  appear  only  for 
motions  in  one  direction  from  the  central  position,  and  will  usually  lead  to  an  underestimation 
of  the  lift  and  an  exaggeration  of  the  drag.  To  find  the  limitation  thus  placed  on  the  maximum 
initial  sensitivity  tho  same  method  may  be  employed  as  that  already  used  for  finding  the  minimum 
permissible  initial  sensitivity.  If  the  rate  of  change  of  longitudinal  force  bo  taken  as  1  per  cent 
per  degree  of  yaw  the  upsetting  moment  due  to  a  movement  of  the  balance  through  the  angle  Ad 
(circular  measure)  is  .57 X  xAdxh.  For  continued  stability,  this  must  be  less  than  the  righting 
moment  due  to  gravity,  Wx„A0.    Equating  the  two,  the  condition  of  stability  becomes 

WxQ  =  >0.57Xh 

It  has  already  been  shown  that  the  initial  sensitivity  is  given  by  the  expression: 

FxI„Xf 
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In  the  case  of  the  Langley  Field  balance,  substituting  0.57Xh  for  Wxol  and  the  values  previously 
specifled  for  I  and  «,  the  limiting  value  of  the  sensitivity  is  found  to  be 

0.57Xxt 

Aw  =  — I  

X  5=^=^7X002=0.00015 

The  same  method  maybe  applied  to  the  lift  and  leads  to  the  conclusion  that,  with  a  model 
having  a  lift  of  20  kg.,  the  initial  sensitivity  must  not  bo  greater  than  1.5  gms.  This  would  be  an 
extreme  value  of  the  lift,  and  it  is  seldom  necessary  to  reduce  the  sensitivity  below  0.5  gm.  on 
account  of  the  variation  in  lift,  but,  on  the  other  hand,  it  is  seldom  that  actual  use  could  be  made 
of  the  sensitivity  of  0.1  gm.,  previously  taken  as  the  standard  for  which  it  was  nesessary  to  provide 
Only  on  stream-lino  bodies,  struts,  and  similar  objects  of  small  resistance  would  the  possible 
accuracy  of  measurement  be  as  great  as  this.  It  is  in  some  respects  a  disadvantage  of  the  N.  P.  L. 
type  of  balance  that  its  "statical  sensitivity  "  must  be  the  same  in  respect  of  lift  and  drag. 

Y,  the  third  of  thethreeforces  acting  on  the  model, is  perpendicular  to  the  planeof  symmetry, 
and  does  not  exist  so  long  as  the  wind  direction  is  parallel  to  that  plane.  As  soon  as  the  balance 
moves  from  its  position  of  equilibrium,  however,  the  model  assumes  an  angle  of  yaw,  and  this 
gives  rise  to  a  force  Y  which  is  almost  always  negative  for  a  positive  angle  of  yaw  and  vice 
versa.  The  magnitude  of  Y  for  a  given  angle  of  yaw  varies  widely  with  the  type  of  model  and 
with  conditions  of  test,  generally  being  largest,  relatively  to  the  lift,  at  small  angles  of  attack. 
The  absolute  values  of  Y  are  virtually  independent  of  the  angle  of  attack.  For  an  angle  of 
yaw  of  1°,  Y  may  be  as  high  as  2  per  cent  of  the  lift  for  complete  models  at  an  angle  of  attack 
of  0°,  or  about  1  per  cent  of  the  lift  at  4°.  This  force  is  largest  when  the  wings  have  a  considerable 
amount  of  dihedral  or  sweep  back.  In  the  case  of  fair-shaped  objects,  such  as  airplane  bodies 
and  airship  envelopes,  Y  at  an  angle  of  yaw  of  1°  is  usually  from  10  per  cent  to  35  per  cent  of  X. 
With  models  of  the  size  used  in  the  Langley  Field  wind  tunnel,  and  with  a  wind  speed  of  50  m. 
per  second,  Y  has  a  maximum  value  of  about  50  gms.  for  bodies  and  100  gms.  for  complete 
models. 

If  the  originof  thereference  axes  is  directly  ovor  thepivot  when  in  equilibrium  Y  has  no  effect, 
as  its  line  of  action  always  passes  through  the  pivot.  If,  however,  as  is  usually  the  case,  the 
model  is  set  up  with  the  origin  forward  of  the  vertical  through  the  pivot  Y  will  tend  to  produce 
instability  in  respect  of  the  drag  measurements,  while  not  affecting  the  movements  of  the  lift 
arm.  If  the  origin  is  above  (in  the  model,  not  in  the  tunnel;  i.  e.,  nearer  to  the  upper  wing 
than)  the  vertical  through  the  pivot  Y  will  tend  to  decrease  the  sensitivity  in  lift,  assuming 
that  the  two  arms  oscillate  synchronously,  without  affecting  the  measurements  of  drag.  The 
opposite  positions  will,  of  course,  have  opposite  effects.  The  magnitudes  of  these  effects  are 
very  small.  They  would  seldom  modify  the  sensitivity  by  more  than  0.02  gm.,  and  they  need 
not  be  taken  into  account,  provided  that  the  model  is  so  supported  that  the  origin  is  reasonably 
close  to  (within  8  cm.,  in  the  case  of  a  tunnel  1.5  meters  in  diameter)  the  vertical  through  the 
main  balance  pivot. 

There  remain  onlythe  yawing  and  rolling  moments  to  be  considered.  Bothof  these,  donotcd 
by  N  and  L,  respectively,  make  their  appearance,  like  Y,  as  a  result  of  the  assumption  of  an 
angle  of  yaw,  and  do  not  exist  while  the  wind  direction  is  parallel  to  the  plane  of  S3Tnmetry. 
The  analysis  of  the  action  of  these  moments  need  not  be  followed  through  in  detail.  The  first  is 
unimportant,  while  the  rolling  moment,  which  may  assume  a  considerable  value  in  the  case  of  a 
model  or  a  wing  with  marked  sweep  back  or  dihedral,  acts  to  increase  the  sensitivity  in  lift,  and 
is  therefore  opposed  to  the  effect  of  the  change  of  lift  itself  for  motions  in  one  direction,  while 
acting  with  it  for  motions  in  the  opposite  direction  from  the  central  position.  The  maximum 
value  of  the  effect  of  the  rolling  moment  is  about  15  per  cent  of  the  maximum  unstabilizing 
effect  which  may  arise  due  to  changes  of  the  lift  with  angle  of  yaw. 
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It  appears  from  this  consideration  of  the  various  forces  and  moments  and  their  variations 
that  their  effects  on  the  sensitivity  of  the  balance  are  usually  very  slight,  but  that  they  may  be- 
come important,  especially  with  regard  to  the  lift  measurements,  forsomemodels.  Sincethemost 
important  factors  are  the  variation  of  the  lift  and  drag,  and  since  the  magnitudes  of  these  forces 
and  the  moment  arms  at  which  they  act  are  quite  independent  of  the  location  of  the  model  with 
respect  to  the  vertical  through  the  pivot,  this  location  has  less  effect  on  the  sensitivity  than 
might  have  been  anticipated,  although  it  is  by  no  means  a  factor  to  be  neglected.  The  position 
at  which  the  spindle  supporting  the  model  is  attached  can  be  chosen,  within  fairly  wide  limits, 
from  considerations  of  case  of  attachment  and  of  minimum  interference  with  air  flow  about  the 
model,  rather  than  with  any  idea  of  modifying  the  effects  of  Y,  L,  and  N. 

The  distribution  of  the  effect  on  sensitivity  of  the  three  factors  variable  with  position  ( Y,L, 
and  N)  depends  on  the  location  in  the  model  of  the  arbitrarily  chosen  origin,  and  any  one  of 
these  three  can  be  made  to  have  any  desired  effect  by  properly  placing  the  origin.  The  total 
effect  of  the  three,  however,  will  manifestly  be  entirely  independent  of  the  position  of  that  point. 

There  are  certain  types  of  balance  in  which  the  model  moves  always  parallel  to  itself,  and  the 
forces  accordingly  are  subject  to  no  change  during  the  oscillation  of  the  instrument.  These  will 
be  briefly  discussed  later. 
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POSSIBLE  SOURCES  OF  ERROR  IN  BALANCES  OF  THE  N.  P.  L.  TYPE. 

In  order  that  some  conception  may  be  gained  as  to  the  relative  accuracy  necessary  in  the 
construction  of  the  various  parts  of  a  balance,  and  as  to  the  magnitudes  of  the  errors  which 
creep  into  the  measurements  from  many  sources,  both  those  which  are  avoidable  by  careful 
construction  and  use  and  those  which  are  inherent  in  the  design  of  the  instrument,  these  several 
sources  of  error  will  be  taken  up  and  analyzed  separately. 

(1)  The  first  cause  of  errors  in  the  determination  of  forces  and  moments,  and  one  of  the 
most  important,  is  the  deflection  of  the  vertical  portion  of  the  balance  under  the  force  acting  on 
the  model.  In  measuring  forces,  since  the  portion  of  the  balance  below  the  main  pivot  is  sub- 
jected to  no  transverse  forces  except  the  minute  ones  due  to  the  resistance  of  the  oil  in  the  dash- 
pot,  all  of  the  deflection  takes  place  between  the  pivot  and  the  model.  In  the  case  of  a  balance 
in  which,  as  in  that  at  Langley  Field,  the  weighing  arms  are  trussed  by  tie-rods,  virtually  all  the 
deflection  when  the  lower  pivot  is  not  engaged  occurs  above  the  point  of  attachment  of  these 
tie-rods.  When  pitching  moments  are  being  taken,  however,  the  lower  pivot  is  thrown  into 
position  to  keep  the  balance  axis  vertical,  and  the  deflection  in  tho  portion  of  the  balance  between 
the  two  pivots  may  be  of  considerable  magnitude. 

The  error  which  deflection  causes  in  the  measurement  of  forces  is  clue  to  the  movement  of  the 
model  and  the  upper  portion  of  the  balance  with  respect  to  the  vertical  through  the  main  pivot. 
This  movement  changes  the  moment  of  the  weight  of  the  model  about  the  pivot  when  the  weighing 
arms  are  in  the  central  position,  and  so  changes  the  amount  of  weight  required  to  keep  the  balance 
in  equilibrium.  Since  the  deflection  is  proportional  to  the  load  applied,  and  the  error  for  a  given 
weight  of  model  is  proportional  to  the  deflection,  the  percentage  error  is  quite  independent  of  tho 
load  applied.  It  is  necessary,  then,  in  order  to  secure  a  definite  percentage  accuracy,  that  the 
balance  and  spindle  be  just  as  stiff  and  heavy  for  tests  at  10  meters  per  second  as  for  those  at  50. 
Furthermore,  since  the  balance,  chuck,  and  spindle  are  circular  in  cross  section  at  all  points,  tho 
percentage  error  in  lift  due  to  deflection  will  be  the  same  as  that  in  respect  of  drag,  except  for  the 
portion  caused  by  the  deflection  of  the  model  itself.  The  error  here  will  be  greater  in  lift  than  in 
drag  at  small  angles  of  attack,  as  the  model  aerofoil  bends  much  more  readily  about  an  axis 
parallel  to  the  chord  than  about  one  perpendicular  to  the  chord.  At  angles  of  4°  or  more  the 
resultant  force  is  nearly  perpendicular  to  the  chord,  and  the  difference  just  spoken  of  between 
lift  and  drag  therefore  does  not  appear.  By  far  the  largest  part  of  the  deflection  error  arises 
from  the  bending  of  the  spindle  which  supports  the  model  and  which  must  have  a  small  outside 
diameter  in  order  that  the  interference  with  the  flow  of  air  may  not  be  excessive.  The  deflection 
error  always  exists  and  is  perfectly  determinate  in  magnitude  and  sign,  so  that  it  can  be  computed 
or  determined  experimentally  and  correction  made  for  it.  This  is  sometimes  done,  but  it  is 
preferable  to  make  the  balance  stiff  enough  so  that  no  correction  will  be  required. 

In  the  quantitative  discussion  of  deflection  effects  the  English  system  of  weights  and  measures 
will  be  used,  as  the  constants  of  materials  will  be  much  more  familiar  in  that  system  than  in  the 
metric  to  most  readers.  The  deflection  of  the  balance  at  Langley  Field,  from  the  pivot  to  the 
upper  end  of  the  trumpet  top,  a  total  length  of  33  inches,  is  0.00071  inch  under  a  load  of  1  pound, 
applied  at  the  center  of  the  tunnel,  and  the  slope  at  the  upper  end  of  the  trumpet  top  when  the 
balance  axis  is  vertical  is  0.000099  per  pound  of  load.    With  an  aerofoil  60  by  10  cm.  (approxi- 
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mately  24  by  4  inches),  supported  at  its  lower  end  by  a  spindle  tapering  in  diameter  from  inch 
at  the  point  of  contact  with  the  wing  to  1  inch  at  the  point  where  it  enters  the  chuck,  the  total  de- 
flection, neglecting  the  bending  of  the  aerofoil  itself,  is  0.007G  inch  per  pound.  The  deflection  of 
an  aluminum  aerofoil,  in  respect  of  lift,  may  augment  this  by  0.0204  inch  per  pound,  making  a 
total  of  0.0280  inch  per  pound  with  an  aluminum  model.  The  corresponding  figure  for  a  steel 
aerofoil  is  0.01 44  inch.  There  is  also  likely  to  be  some  permanent  yielding  at  the  joint  between  an 
aluminum  aerofoil  and  its  spindle,  due  to  the  softness  of  the  aluminum.  The  remedy  is  to  drill 
and  cut  a  thread  deeper  into  the  model  or  to  mortise  the  spindle  into  the  wing  and  rivet  them 
together. 

The  weight  of  an  aluminum  aerofoil  of  average  thickness  and  24  by  4  inches  in  plan  form  is 
from  1£  to  2  pounds,  and  its  center  of  gravity  has  just  been  shown  to  move  0.0280  inch  under  a 
lateral  load  of  1  pound  perpendicular  to  the  chord.  (This  is  actually  the  distance  that  a  point 
fixed  in  the  plane  of  the  chords  of  the  aerofoil  and  halfway  between  the  tips  moves.  The  displace- 
ment of  the  center  of  gravity  is  a  little  greater,  due  to  the  bending  of  the  wing,  but  the  difference 
between  the  distance  as  just  computed  and  that  actually  traveled  is  not  very  important.)  The 
weight  of  the  steel  spindle  is  1.26  pounds,  and  the  distance  moved  by  its  center  of  gravity  under 
a  load  of  1  pound  is  approximately  0.0015  inch.  The  total  moment  about  the  pivot  due  to 
these  displacements  with  a  2-pound  model  is 

(2X0.0280) +  (1.26X0.0015)  =  0.0560 +  0.0019  =  0.0579  lbs.  ins. 

This  is  equal  to  the  moment  given  by  a  lateral  force  of  0.00107  pound  applied  54  inches  above 
the  pivot.  The  error  in  the  measurement  of  the  forces  oh  a  model  aerofoil  caused  by  the  deflec- 
tions of  balance,  spindle,  and  model  is  then  about  0.11  per  cent.  If  the  model  aerofoil  is  made 
of  steel  instead  of  aluminum  its  weight  is  about  5  pounds,  and  the  possible  error  in  lift  measure- 
ments is  increased  to  0.14  per  cent  despite  the  greater  stiffness  of  the  steel.  It  is  evident  that, 
both  to  keep  down  the  deflection  error  and  to  reduce  the  weight  resting  on  the  pivot,  aluminum 
is  the  material  par  excellence  for  models,  and  steel  should  only  be  used  when  it  is  desired  to 
grind  a  standard  wing  to  form  with  the  highest  possible  degree  of  accuracy,  or  when  the  model 
is  to  be  tested  at  so  high  a  wind  speed  that  an  aluminum  model  would  be  likely  to  be  stressed 
beyond  its  clastic  limit.  Even  where  accuracy  of  construction  is  the  dominant  consideration 
aluminum  is  but  little  inferior  to  steel,  although  the  aluminum  is,  of  course,  much  more  liable  to 
be  bent  or  otherwise  in  jured  by  careless  handling.  Brass,  sometimes  used  for  models  in  the  past, 
is  thrown  quite  out  of  consideration  by  its  high  density  and  low  modulus  of  elasticity  and 
stiffness. 

The  deflection  of  a  complete  model  is  somewhat  less  than  that  of  a  single  wing  under  the  same 
load,  as  the  parts  of  the  model  tend  to  reenforce  each  other,  even  where  the  wing  bracing  is 
omitted.  For  a  model  weighing  10  pounds,  a  figure  which  should  seldom  if  ever  be  exceeded 
with  models  of  the  size  used  in  the  Langley  Field  tunnel  the  error  due  to  deflection  should 
always  be  less  than  one-half  per  cent.  This  is  large  enough,  so  that  some  allowance  for  it  would 
be  required,  but  10-pound  models  are  fortunately  the  exception  rather  than  the  rule,  and 
deflection  effects  can  usually  bo  ignored  in  the  measurement  of  forces  with  this  balance, 
although  they  have  proved  a  very  important  factor  with  some  balances  of  similar  type. 

The  effect  of  deflection  on  the  determination  of  pitching  moments,  and  so  of  centers  of 
pressure  and  vector  diagrams,  may  become  important  with  aerofoils  of  little  stiffness  tested  at 
high  speeds.  Since  moments  are  measured  with  reference  to  a  vertical  axis  passing  through  the 
pivots,  any  deflection  of  the  model  support  will  shift  the  position  of  this  axis  in  the  model.  This 
will  result  in  the  moments  actually  being  measured  with  reference  to  a  different  axis  from  that 
experimentally  determined  before  or  after  the  run.  Since  all  parts  of  the  balance  itself  are 
circular  in  section  the  line  of  resultant  deflection  will  be  parallel  to  the  lin^j  of  action  of  the  re- 
sultant force  on  the  model.  A  shifting  of  the  axis  of  moments  parallel  to  the  line  of  action  of 
the  resultant  force  manifestly  does  not  affect  the  magnitudes  of  the  moments,  and  the  deflec- 
tions of  the  balance  proper  can  therefore  have  no  effect  on  the  determination  of  the  location  of 
the  vectors.    The  model,  however,  does  not,  by  any  means  possess  radial  symmetry  and  the  di- 
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rection  of  its  deflection  is  almost  constant  and  independent  of  the  direction  of  the  force  acting, 
since  only  the  component  of  that  force  which  is  perpendicular  to  the  chord  of  the  aerofoil  is 
effective  in  bending  the  model.  Strictly  speaking,  the  component  of  interest  is  that  perpendicu- 
lar to  the  principal  axis  of  the  section,  not  to  the  chord,  but  the  two  are  nearly  coincident.  The 
principal  axis  have  been  determined  for  a  number  of  sections,  and  the  angle  between  the  principal 
axes  and  the  system  of  axes  parallel  and  perpendicular  to  the  chord  was  not,  in  any  case,  more 
than  1*°.  The  deflection  of  the  average  aluminum  model  due  to.  its  own  bending  alone  has 
been  shown  to  be  0.0204  inch  per  pound,  or  0.204  inch  under  a  load  of  10  pounds,  which  is 
the  maximum  that  most  aerofoils  of  cast  aluminum  alloy  will  safely  sustain.  The  deflection 
under  unit  load  is  only  one-third  as  much  for  a  steel  model  as  for  an  aluminum  one,  but  the  maxi- 
mum load  liable  to  bo  sustained  is  about  four  times  as  great,  so  that  the  maximum  total  deflec- 
tion for  a  steel  model  is  in  the  neighborhood  of  0.27  inch.  The  angle  between  the  vector 
of  resultant  force  and  the  principal  axis  of  maximum  moment  of  inertia  is  never  much  more 
than  9°  at  any  angle  of  incidence  from  0°  to  18°.  The  error  in  determination  of  the 
center  of  pressure  or  vector  position  would  therefore  not  exceed  two-thirteenths  of  the  deflection 
of  the  model,  and  the  largest  error  in  that  determination  for  an  aluminum  aerofoil  subjected  to 
a  force  of  10  pounds  would  not  exceed  0.031  inch,  or  0.  8  per  cent  of  the  chord.  Over  the  most 
portant  range  of  angles,  that  in  which  most  normal  flying  is  done,  from  1°  to  8°,  the  error 
would  be  less  than  half  as  large  as  this.  In  general,  it  may  be  said  that  it  is  necessary  to  make 
some  allowance  for  the  effect  of  model  deflection  on  pitching  moment  when  the  test  is  run  at 
a  wind  speed  of  30  meters  per  second  (approximate^  66  miles  per  hour)  or  more  with  an  alumi- 
num, and  at  a  speed  of  50  meters  per  second  or  more  in  the  case  of  a  steel,  model.  Speeds  above 
the  latter  figure  arc  never  reached  in  the  course  of  ordinary  testing,  and,  indeed,  the  former  is 
seldom  exceeded. 

Although  it  has  no  direct  effect  on  the  accuracy  of  the  measurements  the  deflection  of  the 
lower  tube  is  of  some  interest  as  affecting  the  displacement  of  the  model  with  respect  to  the  fair- 
water  when  moments  are  being  measured  and  as  contributing  another  possible  source  of  flexu- 
ral  vibration.  The  effect  of  this  deflection  is  to  increase  the  displacement  of  the  model  under 
a  20-pound  load  by  0.161  inch. 

(2)  The  deflection  of  the  weighing  arms  also  has  some  effect,  arising  from  two  different 
sources,  on  the  accuracy  of  the  results.  In  the  first  place,  since  deflection  throws  the  point 
of  support  of  the  weights  below  the  horizontal  plane  through  the  main  pivot  when  the  balance  is 
in  equilibrium,  the  sensitivity  is  affected,  as  has  been  shown  in  another  section  of  the  report. 
Secondly,  the  instrument  is  balanced  up  initially  with  the  cross  hairs  in  line  when  the  two  pivots 
are  engaged  and  with  little  or  no  weight  on  the  ends  of  the  weighing  arms.  It  may  be  assumed 
that  the  weight  on  the  ends  of  the  arms  when  balancing  up  is  just  sufficient  to  balance  the  coun- 
terweights and  other  eccentrically  placed  parts,  so  that  the  center  of  gravity  of  the  whole  assem- 
bly is  directly  below  the  main  pivot.  If  more  weight  be  added,  deflecting  the  arm,  the  cross 
hairs  will  no  longer  be  in  line,  and  if  the  balance  axis  is  tilted  to  bring  the  tip  of  the  arm  back  to 
the  central  position  the  center  of  gravity  will  be  moved  to  one  side  and  will  exert  a  restoring 
moment  when  the  only  moments  supposed  to  be  acting  are  those  due  to  the  force  on  the  model 
and  the  weights  added  on  the  weighing  arms  to  balance  that  force.  Obviously  the  error  from 
tHis  source  is  greatest  when  the  center  of  gravity  of  the  balance  itself  is  farthest  below  the  pivot. 
If  the  length  of  the  weighing  arm,  from  the  pivot  to  the  point  of  application  of  the  weights,  is 
I  and  its  deflection  is  5,  the  angle  of  rotation  from  the  initial  position  of  the  balance  in  order  to 
bring  the  cross-hairs  into  alignment  after  deflection  is 


The  righting  moment  due  to  the  weight  of  the  balance  being  displaced  with  respect  to  the  pivot 

ft 

is  then  Kxd  oriTx,  where  A' is  the  product  of  the  weight  of  the  balance  and  model  by  the  ver- 
tical  distance  from  the  pivot  to  the  center  of  gravity  of  the  balance  and  model  combined.  It 
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is  shown  elsewhere  that  47,000  gm.  cm.,  or  40.7  pounds  inches,  is  a  fair  value  for  Kin  a  balance 
the  size  of  the  one  at  Langley  Field.  If  the  arms  were  made,  as  in  the  original  N.  P.  L.  balance, 
of  solid  steel  rods  inch  in  diameter  acting  as  cantilevers,  the  deflection  in  a  length  of  23 
inches  under  a  load  of  40  pounds  (corresponding  to  20  pounds  on  the  model)  would  be  0.140 
inch.  With  the  value  of  K  given  above,  this  would  cause  the  weight  applied  to  be  in  error  by 
0.25  pound,  or  0.6  per  cent  of  the  total  amount.  Tlie  error  due  to  the  deflection  of  the  weigh- 
ing arms,  like  that  due  to  the  deflection  of  the  balance  head,  is  directly  proportional  to  the  force 
acting,  and  the  percentage  error  is  therefore  independent  of  the  force. 

On  the  Langley  Field  balance  the  weighing  arms  are  steel  tubes,  1  inch  in  diameter  out- 
side and  with  a  wall  thickness  of  0.06  inch.  They  are  trussed  by  tie-rods  inch  in  diame- 
ter, and  making  an  angle  of  12°.  5  with  the  direction  of  the  arm  itself.  The  deflection  of  one  of 
these  arms  under  an  end  load  of  40  pounds  is  0.027  inch,  due  chiefly  to  the  elongation  of  the 
tie-rod,  if  the  rod  and  arm  arc  perfectly  straight.  It  is  almost  impossible  to  keep  the  tie-rod 
absolutely  straight,  especially  where  one  end  is  screwed  directly  into  a  lug,  and  the  actual  de- 
llection  is  liable  to  be  a  little  greater  than  that  computed.  The  deflection  with  tubular  trussed 
weighing  arms  is,  however,  always  much  less  than  with  solid  cantilever  arms  of  the  same  outside 
diameter,  and  the  trussed  arms  also  have  a  great  advantage  in  respect  of  weight,  as  has  been  shown 

already.  The  error  arising  from  the  deflection  of  the 
weighing  arms,  if  they  are  properly  designed  and  if  the 
sensitivity  is  adjusted  with  reasonable  care  before  start- 
ing a  test,  may  be  disregarded. 

(3)  A  very  troublesome  source  of  error,  and  one  which 
is  sometimes  difficult  to  eliminate,  is  the  sliding  of  the 
main  pivot  in  its  socket.  If  the  pivot  moves,  the  point  of 
contact  between  the  two  surfaces  will,  in  general,  be 
shifted  both  on  the  pivot  and  in  the  socket.  This  shifting 
changes  the  moment  of  the  weight  of  the  balance  itself 
about  the  pivot,  and  so  changes  the  amount  of  weight 
which  must  be  added  to  secure  initial  equilibrium  with 
no  force  on  the  model.  If  the  shifting  of  the  pivot 
occurs  during  a  run,  between  the  times  of  taking  the 
"zero  reading"  and  that  with  the  wind  on,  the  change 
in  the  amount  of  weight  required  for  balancing  will  appear 
as  an  error  in  the  result  of  the  measurement. 
Balances  may  be  constructed  with  the  pivot  pointing  either  upward  or  downward.  In 
the  first  case  the  pivot  is  carried  by  the  balance  support;  in  the  second  case  by  the  balance 
itself.  Enlarged  views  of  the  two  dispositions,  both  in  the  normal  position  and  with  the 
balance  slipped  slightly  to  one  side,  are  shown  in  Fig.  11 .  The  difference  between  the  points 
of  contact  in  the  original  and  displaced  positions  is  indicated  in  the  drawings.  The  first  type 
of  contact  considered  will  be  that  in  which,  as  in  the  drawings,  the  pivot  and  socket  in  the 
neighborhood  of  the  point  of  contact  are  each  a  segment  of  a  sphere.  It  will  be  noted  that 
when  the  pivot  is  pointing  upward  the  point  of  contact  moves  in  the  balance  by  a  distance 
nearly  equal  to  the  distance  which  the  balance  slips  (that  is,  the  point  of  contact  remains  very 
close  to  its  original  position  on  the  support),  but  that,  in  the  converse  case,  the  movement  of 
the  point  of  contact  in  the  balance  is  very  slight.  If  the  downward-pointing  pivot  rested  on 
a  flat  surface  the  point  of  contact  would  not  move  at  all  in  the  balance  and  there  would  be  no 
error  due  to  slippage  of  the  balance  with  respect  to  the  support,  but  this  disposition  is 
obviously  impractical,  as  the  balance  would  quickly  slide,  impelled  by  the  horizontal  force 
acting  on  the  model,  into  a  position  pressed  up  against  the  side  of  the  socket,  where  it  could 
not  rock  at  all. 
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It  is  evident  from  the  preceding  that  the  pivot  should  be  carried  by  the  moving  portion 
of  the  balance,  and  that  it  should  point  downward.  This  has  another  advantage  in  that  the 
socket,  being  concave  upward,  can  be  kept  filled  with  a  thin  oil  to  reduce  the  sliding  friction 
between  pivot  and  socket.  The  formula  for  the  displacement  of  the  point  of  contact  in  the 
moving  portion  of  the  balance  is: 

Bi — Ri 

where  x  is  the  distance  which  the  balance  slides,  parallel  to  itself,  with  reference  to  an  axis 
fixed  in  space,  and  R1  and  5,  are  the  radii  of  curvature  of  the  socket  and  pivot,  respectively. 
It  appears  from  this  that  it  would  be  advantageous,  aside  from  all  questions  of  friction,  to 
make  the  pivot  as  sharp  as  possible  and  to  employ  a  large  radius  of  curvature  in  the  socket. 
The  first  deduction  is  perfectly  correct,  but  the  radius  of  curvature  of  the  socket  is  of  minor 
importance,  so  far  as  the  effect  of  slippage  of  the  pivot  is  concerned,  since  it  is  the  slope  of  the 
tangent  plane  at  the  point  of  contact,  and  not  the  distance  moved,  which  limits  the  slip  of  the 
pivot.  The  ratio  between  the  vertical  and  horizontal  forces  acting  on  the  balance  ranges 
between  0  and  A  as  limits,  but  seldom  exceeds  0.35.  (The  value  *  could  not  be  reached  unless 
the  balance  itself  were  weightless.)  Taking  0  and  0.35  as  the  limits,  it  appears  that  the 
inclination  to  the  horizontal  of  the  surface  on  which  the  balance  would  rest  in  equilibrium,  if 
there  were  no  friction,  lies  between  0°  and  19°.  The  pivot  would  rest  in  the  bottom  of  the 
socket  while  the  "zero  readings"  were  being  taken,  and  would  slide  up  onto  the  inclined 
portion  of  the  socket  when  a  horizontal  pressure  was  exerted  against  the  model.  If  the  total 
weight  of  the  balance  and  model  (not  including  the  weights  required  to  balance  the  force  on 
the  model)  is  W  and  the  horizontal  force  acting  is  L,  the  angle  of  inclination  of  the  common 
tangent  to  the  pivot  and  socket  for  equilibrium  under  frictionless  conditions  is: 

*=tan-1W2Z 

assuming  the  distance  from  the  pivot  to  the  model  to  be  twice  the  distance  from  the  pivot  to 
the  point  of  attachment  of  the  weights.  The  point  of  contact  is  then  shifted  in  the  balance 
by  the  amount 

£  =  R2  X  sin  <t> 

and  the  change  in  moment  of  the  moving  weight  about  the  pivot  is: 

A  M=  R2  X  Wx  sin  <t> 

The  error  in  force  measurement  caused  by  this  change  of  moment  is 

Aj7,_J?i,X  IFxsin  <t> 
h 

where  li  is  the  distance  from  the  pivot  to  the  plane  of  symmetry  of  the  model.  Since  <t>  is 
always  a  small  angle  sin  4>  and  tan  <t>  may  be  considered  equal.  The  error  is  then  approx- 
imately 

AI     A  X  W+2L 

In  the  Langley  Field  balance  W  is  28,000  gms.,  h  is  137  cm.,  and  the  maximum  value  of 
L  is  about  18,000  gms.  Under  these  conditions  the  possible  error  due  to  slipping  of  the  pivot 
if  there  were  no  friction  would  be  5.75  R2  gms.,  where  R2  is  given  in  mm.  The  maximum 
percentage  of  error  occurs  when  L  is  very  small,  and  is,  for  the  case  just  cited,  0.072/?j  per 
cent.    With  the  usual  values  of  R2  this  is  not  important. 
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These  figures  have  been  based  on  the  neglect  of  sliding  friction,  a  factor  which  generally 
can  not  by  any  means  be  disregarded.  If  the  coefficient  of  friction  between  the  pivot  and  its 
socket  is  0.2  the  angle  of  inclination  of  the  surfaces  at  the  point  of  contact  may  be  more  than 
5°  when  there  is  no  force  acting  on  the  model.  Using  the  figures  just  given,  it  appears  that 
shifting  of  the  pivot  may  cause  a  constant  error  of  1.2  Ji2  gms. 

If  the  socket  were  truly  conical,  there  could  not  be  any  sliding  of  the  pivot,  but  the  sensi- 
tivity of  the  balance  would  be  decreased  by  friction,  as  the  slightly  rounded  pivot  would  make 
contact  with  its  socket  all  around  the  circumference  of  a  circle,  and  the  relative  motion  between 
the  two  for  any  rocking  of  the  balance  would  be  sliding  instead  of  pure  rolling. 

(4)  A  factor  whose  importance  is  frequently  underestimated  is  the  canting  of  the  model 
''ue  to  inaccurate  alignment  of  the  spindle.  When  the  spindle  is  screwed  into  an  aerofoil  it  is 
very  difficult  to  get  the  tapped  hole  exactly  parallel  to  the  leading  edge,  and  the  result  is  that 
the  model  usually  has  a  distinct  tilt,  either  in  yaw  or  in  roll,  from  the  desired  position.  If  the 
tilt  is  in  respect  of  yaw  the  plane  of  symmetry  of  the  model  is  no  longer  parallel  to  the  wind 
direction.  In  this  general  case  there  are  six  forces  and  moments  to  deal  with  in  place  of  the 
three  which  exist  when  the  model  is  placed  exactly  correct.  To  illustrate  the  importance 
of  the  various  factors  the  effect  of  each  of  the  six  quantities  will  be  followed  through  in  turn  for 
an  angle  of  yaw  of  2°,  this  being  a  value  which  should  not  be  exceeded  if  reasonable  care  is 
taken  in  fitting  the  spindle  to  the  model.  The  forces  and  moments  on  the  Clark  tractor  biplane 
model  will  be  used  in  the  illustrative  example,  these  data  having  been  obtained  at  the  wind 
tunnel  of  the  Massachusetts  Institute  of  Technology.1 

Denoting  the  forces  by  X,  Y,  Z,  and  the  moments  by  L,  M,  and  N  in  the  usual  manner, 
the  figures  with  the  model,  of  48  cm.  span  placed  symmetrically  are,  for  a  wind  speed  of  15 
meters  per  second  and  various  angles  of  attack : 


Anglo  of  attack. 

0" 

6° 

12° 

X(gms.)  

58.0 

74.4 

123.0 

r(gms.)  

0.0 

0.0 

0.0 

Z(gms.)  

207.0 

615.0 

899.0 

L  (gm.  cm.).... 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

The  spindle  is  assumed  to  be  located  as  to  intersect  the  vector  of  resultant  force,  so  that  the 
pitching  moment,  as  well  as  the  other  two,  is  zero  when  the  model  is  in  the  position  of  symmetry. 
At  an  angle  of  yaw  of  2°  the  forces  and  movements  are: 


Angle  of  attack. 

0' 

6° 

12° 

X(gms.)...'... 

59. 5 

75.4 

123. 0 

r(gms.)  

-  5.4 

-  4.0 

-  5.2 

205.0 

613.0 

894.0 

£(gm.cm.).... 

+  71.5 

+161.0 

+114.0 

+  3.8 

-  22.4 

0.0 

-  18.8 

-  19.0 

-  31.0 

The  total  moment  about  a  horizontal  axis  passing  through  the  main  pivot  and  perpen- 
dicular to  the  axis  of  the  tunnel  is 

Mn  =  XJi  cos^-  Yh  sin^+  N 

where  *p  is  the  angle  of  yaw  and  h  is,  as  before,  the  height  from  pivot  to  model.  In  the 
Massachusetts  Institute  of  Technology  balance  h  is  91.  4  cm. 

'  Dynamical  Stability  of  Aeroplanes,  by  J.  C.  nunsaker:  Smithsonian  Misc.  Coll.,  vol.  62,  No.  5;  Washington,  1916. 
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The  equivalent  force  balanced  by  hanging  weights  on  the  drag  arm  is  equal  to  Mn  divided 
by  h,  or 

A7 


FU  =  X  cos       Y  sin  yf>  + 


Angle  of  attack 

X  

F»-+2')  

FU—2°)  


58.0 
59.5 
59.9 


74.4 

75.3 
75.6 


12° 


123.0 
123.0 
124.0 


It  appears  that  an  angle  of  yaw  of  —2°  may  lead  to  errors  of  from  1  percent  to  3  per  cent 
in  the  measurement  of  the  drag,  and  that,  in  order  to  keep  the  error  within  the  desired  maximum 
of  \  per  cent,  the  angle  of  yaw  must  not  exceed  0?2.  This  ideal  is  perfectly  possible  to  realize 
mechanically,  but  the  spindle  itself  deflects  at  small  angles  so  that  the  slope  at  its  tip  in  the 
plane  of  the  wing  chords  is  slightly  more  than  0?2  when  tests  are  run  at  50  meters  per  second. 

The  error  in  lift  measurement  due  to  the  model  being  set  up  at  angle  of  yaw  must  be  found 
in  the  same  way.  The  total  moment  about  an  axis  passing  through  the  balance  pivot  and 
parallel  to  the  tunnel  axis  is 

M\.  =Zh  +  M  sin  ^  —  L  cos  4> 

and  the  equivalent  force  is 

M  sin  ^  —  L  cos  >p 


F=Z  + 


h 


The  true  and  apparent  values  of  Z  may  be  tabulated  as  for  X. 


Angle  of  attack. 

7.  



FM--2')  


207 
20-1 
201 


615 
611 
611 


12- 


The  error  in  lift  is  obviously  much  smaller  than  that  in  drag,  and  it  is  the  accuracy  desired 
in  the  latter  measurement  that  controls  the  degree  of  precision  necessary  in  alignment. 

To  complete  the  analysis  the  effect  of  yaw  on  the  moments  about  a  vertical  axis  must  be 
discussed.    The  equation  for  the  total  moment  is 

My  =  M cos  ^  +  L  sin  4> 


Angle  of  attack. 


M  

A/V<*=±2"). 


0.0 
+6.3 


60° 


0.0 
-16.7 


0.0 
+4.0 


These  differences  between  the  true  and  the  apparent  moments  correspond  to  errors  of  0.030, 
0.027,  and  0.004  cm.,  respectively,  in  the  location  of  the  vector  of  resultant  force.  These  errors 
arc  negligible,  the  largest  being  less  than  \  per  cent  of  the  wing  chord. 

In  short,  then,  it  appears  that  the  accurate  alignment  of  the  model  in  yaw  is  of  importance 
primarily  as  regards  drag  and  that  its  importance  there  is  considerable.  If  the  data  for  a  single 
aerofoil,  instead  of  for  a  complete  model,  are  taken  the  importance  of  accurate  alignment  is 
lessened,  as  Y  and  N,  which  cause  most  of  the  difficulty,  both  arise  largely  from  the  body  and 
tail  surfaces.  For  bodies  and  other  streamline  forms,  on  the  other  hand,  the  relative  importance 
of  accurate  alignment  is  greater  than  for  models  of  complete  airplanes. 

The  analysis  of  the  modifications  in  the  measurements  when  the  model  is  tilted  in  roll 
instead  of  in  yaw  is  much  simpler,  since  the  axis  of  the  tunnel  remains  parallel  to  the  plane  of 
symmetry  of  the  model,  which  merely  rotates  about  it.    There  are,  therefore,  no  rolling  or 
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yawing  moments  or  cross  wind  forces  to  be  considered.  The  equations  for  moments  about  the 
three  mutually  perpendicular  axes  when  the  model  is  rolled  through  an  angle  <j>  may  be  written 

Mi.  =Zh  cos  <f> 
Mi>=Xh  +  M  sin  <t> 
My  =•■  M  cos  <t> 

The  equivalent  forces  are 

fL=Zcos<2> 

„  v  M  sin  4> 
I'n  =  A  H  ^  

The  errors  in  lift  and  pitching  moment  are  negligible  for  all  angles  of  roll  up  to  4°.  Tha 
error  in  drag  is  also  very  small  unless  M  is  large  (i.  e.,  unless  the  spindle  is  attached  far  from  the 
line  of  action  of  the  resultant  force).    In  order  that  a  roll  of  1°  may  not  cause  an  error  of  more 

than  J  per  cent  in  the  drag  when  the  lift/drag  ratio  is  16,  the  ratio  ^'  where  e  is  the  shortest  dis- 
tance from  the  axis  of  support  of  the  model  to  the  line  of  action  of  the  resultant  force,  must  not 
exceed  0.009.    It  is  usually  practicable  to  keepj^  below  this  figure,  at  least  at  those  angles  of 

incidence  for  which  the  efficiency  is  a  maximum.  Since  h  is  137  cm.  on  the  Langley  Field  balance 
e  should  be  kept  below  1.23  cm.  As  has  been  seen  in  examining  sensitivity,  there  are  other 
cogent  reasons  for  keeping  «  as  small  as  possible.  The  tendency  of  the  deflection  of  the  spindle 
is  to  set  the  model  at  a  positive  angle  of  yaw  and  negative  angle  of  roll.  The  first  of  these  in- 
creases the  apparent  drag,  while  the  second  diminishes  it  if,  as  is  almost  always  the  case,  the  spin- 
tile  is  attached  to  the  rear  of  the  line  of  action  of  the  force  on  the  model.  The  two  therefore  tend 
to  counterbalance  each  other,  and  it  should  be  possible,  by  the  exercise  of  proper  care  in  attach- 
ing the  spindle  to  align  it  correctly  and  keep  e  as  low  as  possible,  to  insure  that  the  resultant  error 
due  to  canting  of  the  model  will  not  exceed  i  per  cent.  The  slipshod  methods  frequently  used 
for  mounting  aerofoils  on  their  spindles  must  not  be  tolerated. 

(5)  If  the  balance  axis  is  not  exactly  vertical  when  pitching  moments  are  being  observed 
the  weight  of  the  balance  itself,  assuming  that  its  center  of  gravity  does  not  lie  exactly  on  the 
line  connecting  the  two  pivots,  and  the  weight  placed  on  the  scale  pans'  to  reduce  the  lateral 
pressure  on  the  lower  pivot  have  moments  about  the  axis  of  rotation  of  the  balance.  The 
moments  due  to  the  attached  weights  are  much  larger  than  that  due  to  the  weight  of  the  balance 
itself,  as  the  length  of  the  arm  from  which  the  weights  are  suspended  is  far  greater  than  the  dis- 
tance from  the  axis  to  the  center  of  gravity  of  the  balance. 

The  balance  axis  will  be  assumed  to  be  inclined  to  the  vertical  and  to  lie  in  such  a  plane 
that  the  lift  arm  is  horizontal.  This  is  the  worst  case  possible,  since  the  lift  arm  earrie-i  the 
maximum  load  and  a  weight  is  always  most  effective  in  producing  rotation  about  an  inclined 
axis  when  a  perpendicular  line  from  the  weight  to  the  inclined  axis  is  perpendicular  to  the  verti- 
cal plane  in  which  the  inclined  axis  lies. 

If  the  balance  axis  is  inclined  from  the  vertical  by  a  small  angle  0  the  moment  about  that 
axis  of  the  weight  on  the  lift  arm  is  we  X I X  0.  Taking  as  a  maximum  figure  for  the  Langley 
Field  balance  20  kg.  on  the  lift  arm,  since  I  is  68.5  cm.  the  moment  due  to  the  addition  of  this 
weight  is  1 ,370,600  0  gm.  cm.  If  the  criterion  of  desired  accuracy  in  the  measurement  of  moments 
be  taken  to  be  the  determination  of  the  location  of  the  vector  of  resultant  force  within  0.5  mm., 
the  error  in  the  pitching  moment  under  the  conditions  just  specified  must  not  exceed  500  gm.  cm. 
0  must  therefore  be  less  than  0.000365  radian  or  0?0209.  This  degree  of  accuracy  of  alignment 
can  be  secured  without  difficulty  by  making  successive  trials,  hanging  weights  on  the  lift  and 
drag  arms  (with  no  model  in  place  and  no  wind)  and  taking  readings  of  the  moment  about  the 
axis  through  the  two  pivots.  The  scale  reading  under  these  conditions  should  manifestly  be 
unaffected  by  the  amount  of  weight  hung  on  the  arms. 
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(6)  If  the  model  is  not  properly  lined  up  with  the  wind  direction  before  starting  a  test,  or, 
what  amounts  to  the  same  thing,  if  the  reference  line  used  for  lining  up  all  models  is  not  accurately 
located,  the  only  effect  is  to  produce  a  constant  error  in  angle  of  attack,  and  so  to  shift  the 
characteristic  curves  resulting  from  the  test  bodily  to  the  right  or  left,  according  to  the  direction 
of  the  initial  error.  The  maximum  and  minimum  values  of  coefficients  and  ratios  are  entirely 
unaffected,  as  is  the  curve  of  lift  coefficient  against  LID.  Although  the  accurate  determination 
of  angle  of  attack  is  not  of  much  interest  in  routine  commercial  testing  (if  a  designer  can 
obtain  a  curve  of  horsepower  required  against  airspeed  for  his  machine,  he  is  ordinarily  quite 
satisfied  without  knowing  the  exact  angle  of  attack  corresponding  to  a  given  speed),  it  is  of 
great  importance  in  such  work  as  the  determination  of  correction  factors  for  aspect  ratio,  etc., 
where  a  slight  uncertainty  as  to  alignment  may  make  it  quite  impossible  to  draw  any  consistent 
conclusions  from  a  set  of  tests.  Provision  should  therefore  be  made  for  lining  up  wings  within 
0?05  whenever  it  becomes  necessary  to  do  so.  This  degree  of  accuracy  can  be  secured,  with 
great  care  in  sighting  and  with  a  batten  carefully  picked  for  its  straightness,  by  the  common 
method  of  binding  a  batten  to  the  face  of  the  wing  and  sighting  it  against  a  line  painted  on  the 
floor  of  the  tunnel,  but  it  is  more  accurate  and  easier  for  the  observer  to  use  some  optical  method. 

(7)  A  much  more  important  source  of  error  than  the  misalignment  of  the  model  is  the  mis- 
alignment of  the  balance  with  respect  to  the  wind.  In  order  that  the  lift  and  drag,  acting  per- 
pendicular and  parallel  to  the  wind,  may  be  measured  directly  the  arms  of  the  balance  must  them- 
selves be  set  exactly  perpendicular  and  parallel  to  the  wind  direction.  If  they  are  not,  the  force 
acting  on  the  model  will  be  resolved  into  components  along  some  other  axes  than  those  desired 
and  a  large  error  may  be  introduced  in  at  least  one  of  the  components. 

If  the  components  of  force  perpendicular  and  parallel  to  the  wind  direction  be  represented 
by  L  and  J),  respectively,  and  if  the  balance  be  supposed  to  rotate  as  a  whole  about  a  vertical 
axis  so  that  the  drag  arm  makes  the  angle  6  with  the  wind  direction,  6  being  taken  as  positive 
when  the  lift  arm  moves  towards  the  original  position  of  the  drag  arm,  the  lift  and  drag  arms 
remaining  parallel  to  each  other,  the  components  of  the  resultant  force  along  the  two  arms  will  be 

L  cos  Q  +  D  sin  8  for  the  lift  arm,  and 
D  cos  Q  —  L  sin  0  for  the  drag  arm. 

Multiplying  and  dividing  by  appropriate  factors,  these  become 

1\  =  L  cos  9  (1  +^  tan  6) 

FD  =  D  cos  e  (1  -  L)  tan  0) 

Even  with  the  utmost  carelessness  in  lining  up  the  balance,  0  should  never  exceed  1°.  vSince 
the  ratio  of  lift  to  drag  is  at  least  three  for  all  objects  on  which  accurate  measurements  of  the  lift 
are  desired,  the  error  in  L  due  to  misalignment  should  not,  under  any  conditions,  be  greater  than 
0.6  per  cent.  This  is  an  error  by  no  means  negligible,  but  still  not  very  important,  inasmuch  as 
it  reaches  it-;  maximum  only  when  the  LID  is  low  (e.  g.,  in  the  neighborhood  of  the  burble  point). 
For  wings  and  models  of  complete  airplane-;  at  angle;  in  the  region  of  high  cllieiency  the  error  in 
lift  measurements  arising  from  a  misalignment  of  the  arms  by  1°  is  well  within  }  per  cent. 

The  error  in  drag  is  much  more  serious,  particularly  as  it  is  largest  at  the  point  of  maximum 
efficiency,  just  where  accurate  measurements  are  most  desired.  For  a  good  wing,  having  a 
value  of  L/D  of  18,  the  error  in  drag  measurement  when  0  is  1°  is  more  than  30  per  cent.  If 
the  drag  is  to  be  measured  accurately  within  one-fourth  per  cent,  the  balance  must  be  lined 
up  with  the  drag  arm  parallel  to  the  wind  to  within  0.008°.  A  similar  relative  accuracy  of 
measurement  of  the  drag  with  models  of  complete  airplanes,  having  a  maximum  L/D  of  8, 
requires  an  alignment  correct  within,  0.018°.  Such  accuracy  as  this  is  hardly  to  be  expected, 
and  errors  in  alignment  of  the  balance  arms  arc  the  largest  single  cause  of  error  in  the  deter- 
mination of  the  L/D  at  small  angles;  but  a  surprisingly  close  alignment  (well  within  0.05 ?) 
can  be  secured  and  maintained  by  careful  setting  up  of  the  instrument  and  constant  checking 
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The  method  originally  used  in  this  country  for  aligning  the  balance  arms  with  respect  to 
the  wing  in  balances  of  the  N.  P.  L.  type  required  the  use  of  a  flat  plate.  This  was  tested  at 
several  positive  and  negative  angles.  If  the  plate,  the  balance  arms,  and  the  wind  direction 
were  all  properly  disposed  with  respect  to  each  other,  the  lifts  for  equal  positive  and  negative 
angles  should  be  equal  in  magnitude  but  opposite  in  sign,  and  the  drags  should  be  equal.  If 
the  first  of  these  conditions  was  fulfilled  but  the  second  was  not,  it  indicated  that  the  zero 
angle  of  attack  had  been  properly  located,  but  that  misalignment  of  the  balance  arms  existed. 
The  flat-plate  method  was  unsatisfactory  chiefly  because  of  the  low  efficiency  of  such  a  surface. 
It  has  just  been  shown  that  the  error  in  drag  measurements  caused  by  misalignment  of  the  arms 
is  proportional  to  the  L/D  ratio.  When  the  L/D  ratio  is  small,  therefore,  as  it  always  is  in  a 
flat  plate,  it  is  exceedingly  difficult  to  detect  small  errors  in  alignment,  errors  winch  may  never- 
theless have  an  important  effect  on  the  measurement  of  drag  in  a  high-efficiency  wing.  Fur- 
thermore, it  is  difficult  to  secure  a  plate  which  is  and  will  remain  truly  flat.  Inaccuracies  of 
surface  too  small  to  be  detected  by  any  ordinary  means  of  measurement  may  cause  a  distinct 
difference  between  the  lift-drag  ratios  at  equal  positive  and  negative  angles.  This  difficulty 
was  overcome  in  part  by  repeating  the  work  with  the  plate  turned  through  180°  about  a 
vertical  axis. 

The  method  now  adopted  and  first  introduced  by  the  N.  P.  L.  several  years  ago  substitutes 
a  model  aerofoil  for  the  flat  plate.  The  aerofoil  is  drilled  and  tapped  for  a  spindle  at  each  end, 
so  that  it  may  be  supported  in  an  inverted  as  well  as  in  the  normal  position.  Tests  are  then 
run  in  both  positions  and  the  L/D  curves  compared.  Since  the  lift  in  the  inverted  position 
must  be  balanced  by  the  removal  of  weight  from  the  lift  arm,  it  is  usually  necessary,  in  order 
that  angles  up  to  6°  or  8°  may  be  taken  in  this  condition,  that  more  weight  be  added  to  the 
lift  counterweight,  thereby  increasing  the  zero  reading.  This  method  permits  of  much  more 
accurate  alignment  than  does  the  flat-plate  method.  Its  only  important  drawback  is  that 
the  model  has  to  be  taken  down  and  set  up  again  between  tests;  but,  as  already  pointed  out 
the  chords  for  zero  angle  of  attack  in  the  two  positions  can  be  set  parallel  within  0?05  by 
sighting  along  a  batten,  if  care  is  exercised.    The  disadvantage  is  therefore  not  a  serious  one. 

The  use  of  an  aerofoil  in  normal  and  inverted  positions  for  checking  up  the  alignment  has 
another  advantage  in  that  it  points  the  way  to  eliminating  the  effect  of  spin  in  the  air-stream. 
The  air  drawn  into  the  propeller  has  a  tendency  to  follow  a  helical  path  of  very  large  pitch- 
radius  ratio,  so  that  the  direction  of  the  wind  near  the  top  of  the  tunnel  is  slightly  different  from 
that  near  the  bottom.  If  the  direction  of  motion  changes  uniformly  from  top  to  bottom  of  the 
tunnel,  the  force  acting  on  a  wing  would  be  almost  identical  with  that  which  would  act  if  there 
were  no  spin  of  the  wind  and  if  the  direction  of  its  motion  were  everywhere  the  same  as  that 
which  actually  prevails  at  the  center  of  the  span  of  the  aerofoil.  The  readings  of  the  balance 
in  the  two  cases,  however,  would  not  be  the  same,  since  the  moment  arm  about  the  pivot  is 
different  for  different  elements  of  the  model.  For  example,  consider  two  elements  of  equal 
area  and  at  equal  distances  from  the  center  of  the  span.  The  forces  on  the  two  elements  will 
then  bo  F+AF  and  F—  AF,  where  F  is  the  force  acting  on  an  element  of  the  same  size  located 
at  mid  section,  and  the  moment  arms  about  the  pivot  will  be  li+Ah  and  h  —  Ah.  The  moments 
for  the  two  will  then  be 

(F+A  F)  Qi  +  A  h)  and  (F—A  F)  (h-A  h). 

The  mean  of  the  forces  on  the  two  elements  is,  as  already  noted,  equal  to  F,  the  force 
which  would  exist  everywhere  if  there  were  no  spin.    The  mean  of  the  moments  is 

\  (f+af)  b+m+v-AF)  &-w=iFxh)+(AFxAh)  ■ 

and  is  therefore  different  from  the  moment  of  an  equal  area  at  the  middle  of  the  wing.  If,  how- 
ever, the  wing  bo  aligned  so  that  the  lifts  at  corresponding  angles  are  equal  in  the  normal  and 
inverted  positions,  the  force  read  on  tho  weighing  arm  is  the  true  one,  and  the  effect  of  spin  is 
eliminated.    When  the  wing  is  set  at  zero  angle  of  attack  after  being  lined  up  in  this  way,  the 
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chord  is  not  exactly  parallel  to  the  wind  direction  at  mid  span,  but  the  readings  of  the  weighing 
arms  are  identical  with  those  which  would  he  obtained  if  there  were  no  spin  in  the  wind  and 
the  chord  were  set  parallel  to  the  wind  direction.  The  alignment  found  in  this  way  varies 
slightly  with  the  slope  of  the  curves  of  lift  and  drag  coefficients;  and  it  also  requires,  for  accu- 
racy, that  the  form  of  the  aerofoil  section  be  exactly  symmetrical  from  tip  to  tip.  It  is  best, 
therefore,  to  carry  tlirough  the  work  of  alignment  with  two  or  three  different  models  in  suc- 
cession and  at  several  angles  for  each  model.  It  is  difficult  to  determine  the  maximum  pos- 
sible error  due  to  misalignment  in  any  specific  case,  but  it  is  probably  not  over  1  per  cent 
under  the  worst  conditions  when  the  balance  is  lined  up  carefully  by  this  method. 

(8)  Closely  allied  to  misalignment  of  the  model  with  respect  to  the  wind,  in  that  the  primary 
effect  of  both  is  to  cause  an  error  in  the  determination  of  the  angle  of  incidence,  is  the  torsion  of 
the  spindle.  The  total  twist  of  the  spindle  is  negligible  when  a  straight  spindle  is  used  attached 
directly  to  the  end  of  an  aerofoil,  since  the  torsional  moment  is  then  very  small.  For  example, 
with  a  force  of  20,000  gms.  applied  1  cm.  from  the  center  of  the  spindle  23  cm.  long  and  tapering 
in  diameter  from  25.4  mm.  to  14.3  mm.,  like  that  used  at  Langley  Field,  the  twist  would  be  less 
than  0?05.  There  should  never  be  any  difficulty  in  keeping  the  spindle  within  1  cm.  of  the  center 
of  pressure  of  the  chord  at  the  angle  of  maximum  lift.  1  n  complete  models,  whore  it  is  not  always 
posssible  to  attach  the  spindle  at  the  desired  point,  other  parts  of  the  model  interfering,  and  where 
the  point  of  application  of  the  resultant  force  moves  over  a  wider  range  than  on  a  single  aerofoil, 
this  limit  may  sometimes  be  exceeded  five  or  six  times,  so  that  the  maximum  twist  may  be  0?3  or 
or  a  little  more.  This  offers  an  additional  reason  for  so  locating  the  spindle  as  to  keep  the  pitch- 
ing moment  as  small  as  possible.  Even  0?3,  however,  is  ordinarily  of  slight  importance  except 
where  accurate  checks  on  two  or  more  successive  tests  with  some  slight  variation  in  the  condi- 
tions are  desired.  As  has  already  been  pointed  out,  errors  in  angle  of  incidence  up  to  about  a 
quarter  of  a  degree  need  cause  no  trouble  in  ordinary  tests  of  complete  models. 

(9)  The  errors  so  far  discussed  have  all  arisen  either  from  such  inescapable  phenomena  as 
the  deflection  of  the  spindle  or  from  improper  mounting  and  alignment  of  the  instrument  or  model 
Those  which  remain  to  be  discussed  are  due  to  errors  in  the  construction  of  the  balance  itself,  and 
may  all  be  eliminated  or  reduced  to  insignificance  by  suffi<  iently  accurate  workmanship.  The 
analysis  of  the  sources  of  these  errors  and  of  the  magnitudes  which  they  may  assume  is  of  value 
primarily  in  that  it  indicates  tho  accuracy  necessary  in  the  construction  anil  assembly  of  the 
different  parts. 

Tho  first,  and  perhaps  the  most  obvious,  of  the  points  at  which  errors  arise  from  failure  to 
follow  the  designs  with  absolute  exactitude  is  the  length  of  the  weighing  arms.  Obviously,  if 
the  weighing  arms. or  either  one  of  them,  are  longer  than  they  arc  intended  to  be,  a  weight  suspended 
at  the  end  of  the  long  arm  will  balance  a  force  at  the  center  of  the  tunnel  of  more  than  half  its 
own  magnitude.  The  error  in  the  reading  will  be  directly  proportional  to  the  departure  from  the 
designed  length.  The  permissible  error  in  measurement  has  so  far  been  taken  as  one-fourth  percent, 
but  thiswill  be  reduced,  in  the  case  of  the  constant  instrumental  errors,  to 0.1  percentfrom  each 
source.  It  is  then  permissible  for  the  weighing  arms  to  vary  in  length  0. 1  per  cent  in  either  direc- 
tion, or,  in  the  Langley  Field  balance,  0.68  mm.  A  skilled  man  should  not  have  the  slightest 
difficulty  in  keeping  the  error  down  to  one-fourth  of  this  amount,  and  the  accuracy  sometimes 
sought  for  in  this  particular  is  really  quite  needless. 

The  same  consideration  of  course  applies  with  regard  to  the  distance  from  the  pivot  to  the 
center  of  the  model,  the  permissible  variation  here  being  twice  as  great  as  that  in  the  lengths  of 
the  weighing  arms.  If  there  is  an  error  in  this  distance,  or  if  there  is  a  common  error  in  tho  lengths 
of  the  two  weighing  arms,  the  leverage  ratio  can  be  restored  to  its  proper  value  by  modifying  the 
distance  which  the  spindle  of  the  model  is  allowed  to  project  from  the  chuck  which  attaches  it 
to  the  balance. 

(10)  Another  difficulty  in  connection  with  the  weighing  arms  is  their  attachment  exactly  at 
right  angles  to  each  other.  If  they  are  not  so  attached  errors  will  be  caused  in  the  measurement 
of  the  lift  or  drag,  or  both.  The  analytical  work  involved  in  the  determination  of  these  errors 
need  not  bo  followed  through  in  detail  in  this  report.    If  the  arms  are  not  at  right  angles  the 
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alignment  of  the  arms  in  order  that  the  lifts  and  drags  may  both  be  the  same  at  equal  angles  of  an 
aerofoil  in  the  normal  and  inverted  positions  will  he  different  for  every  different  aerofoil  used  and 
for  every  angle  at  which  the  tests  for  alignment  are  carried  out.  If,  however,  the  alignment  be 
supposed  to  have  been  carried  out  to  satisfy  the  ahove  condition  as  accurately  as  possible  for  a 
given  model  and  angle  of  incidence  there  will  still  he  an  error  in  both  lift  and  drag.  The  ratio  of 
relative  error  between  the  two  components  is  proportional  to  the  ratio  of  the  slope  of  the  coeffi- 
cient curves  to  the  ordinates  of  those  curves  at  the  particular  angle  for  which  alignment  was  carried 
out.  At  all  angles  between  that  of  minimum  drag  and  that  of  maximum  lift  the  error  in  both 
components  is  in  the  same  direction,  so  that  the  error  in  L/D  is  less  than  that  in  either  com- 
ponent alone.  The  balance  readings  are  farthest  astray  from  the  true  values  in  measuring  the 
drag  near  the  burble  point,  where  a  variation  of  0?1  in  the  angle  between  the  arms  may  lead  to 
an  error  of  nearly  2  per  cent  in  the  drag.  This  error  falls  oft"  rapidly  at  angles  smaller  than  the 
burble  point,  and  the  mistake  made  in  the  determination  of  the  forces  at  angles  between  0°  and 
8°,  the  range  which  is  of  most  interest,  would  never  be  more  than  0.03  per  cent  for  a  departure 
of  0?1  from  a  right  angle  between  the  arms.  An  accuracy  of  0?3  in  this  angle  is  quite  sufficient, 
if  the  balance  is  lined  up  in  the  manner  here  described,  and  if,  in  lining  up,  tests  are  made  at 
several  angles  lying  between  2°  and  8°,  the  mean  result  being  taken. 

(11)  If  the  strut  and  spring  clamp  which  prevent  the  balance  from  rotating  about  a  ver- 
tical axis  are  not  horizontal  the  force  which  they  exert  against  the  arm  will  have  a  vertical 
component  and  will  change  the  amount  of  weight  which  must  be  placed  on  the  lift  arm  to  secure 
equilibrium.  If  there  is  no  pitching  moment  on  the  model  the  upward  or  downward  component 
of  the  thrust  of  the  strut  against  the  arm  will  be  exactly  balanced  by  an  equal  and  opposite 
component  of  the  pull  of  the  clamp.  If  there  is  a  pitching  moment,  however,  one  of  these  two 
forces  will  be  greater  than  the  other  and  there  will  be  an  unbalanced  vertical  component.  As- 
suming the  moment  arm  of  the  resultant  force  with  respect  to  the  balance  axis  to  be  4  cm.,  the 
moment  is  approximately  4L,  where  L  is  the  lift.  This  moment  has  to  be  balanced  by  the 
difference  between  the  forces  in  the  strut  and  spring  clamp.  If  the  vertical  component  of 
this  difference  is  not  to  cause  an  error  of  more  than  0.1  per  cent  in  the  measurement  of  L  it  must 

be  less  than  j        ,  and  the  slope  of  the  strut  must  not  bo  greater  than 

'      .  Lxh  h 


1,000X41,  4,000 

For  the  Langley  Field  balance  this  formula  gives  a  limiting  slope  of  2°,  a  limit  which  would 
hardly  be  approached  if  any  special  precautions  were  taken. 

(12)  If  the  strut  and  clamp  aro  horizontal,  but  are  above  or  below  the  main  pivot,  the 
difference  in  the  forces  which  they  exert  will  have  a  moment  tending  to  modify  the  reading  of 
the  drag  arm.  Since  the  distance  betweon  the  pivot  and  the  point  at  which  the  strut  bears 
against  the  lift  counterweight  arm  is;  in  the  Langley  Field  balance,  30.5  cm.,  the  difference  in 
the  two  opposing  forces  is,  for  a  moment  of  4L,  -0.1 3L  gms.  If  f  be  the  vertical  distance  from 
the  horizontal  plane  through  the  main  pivot  to  the  point  of  contact  of  the  strut  the  moment  of 
the  unbalanced  force  is  0.13Zxf,  and  its  existence  changes  the  reading  of  drag  by 

0.13£r 
h 

This  must  be  less  than  0.1  per  cent  of  D.  Then 

0.13£f  D 
h  1,000 

r<130Xi 

In  the  case  of  the  Langley  Field  balance,  for  an  ^  of  16,  this  leads  to  the  conclusion  that  f  must 
not  exceed  0.07  cm. 
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(13)  The  strut  and  spring  clamp  bear  in  conical  sockets  opposed  to  each  other.  Both 
sockets  are  cut  in  a  single  piece  of  tool  steel,  and  a  great  deal  of  care  lias  been  used  in  some  cases 
to  bring  their  apices  as  close,  together  as  possible  without  actually  having  them  break  through 
and  meet.  In  some  cases  the  bottoms  of  these  sockets  have  been  brought  within  0.08  nun.  of 
each  other.  Theoretically  the  two  should  be  at  a  common  point,  and  any  separation  between 
them  introduces  an  error.  The  effect  of  a  separation  between  the  pivots  of  the  strut  and  spring 
clamp  will  be  analyzed  lirst  with  regard  to  its  effect  on  the  measurements  of  lift  and  drag. 

So  long  as  the  two  sockets  which  carry  the  ends  on  the  strut  are  on  the  same  level  the  strut 
and  spring  clamp  lie  in  the  same  plane,  whatever  the  separation  may  be.  If  they  are  not  on 
the  same  level,  however,  and  it  has  just  been  shown  that  the  line  connecting  them  may  slope 
initially  without  serious  effect,  or  if  the  balance  rocks  about  the  drag  arm  as  an  axis  so  that  the 
end  of  the  lift  counterweight  arm  rises  and  falls,  the  two  pieces  no  longer  lie  in  the  same  plane, 
and  the  linos  of  action  of  their  thrusts  are  no  longer  directly  opposed.  It  will  be  supposed  that 
there  is  no  pitching  moment  act  ing,  this  being  the  condition  during  the  taking  of  the  zero  read- 
ings, that  the  socket  set  in  the  end  <>f  the  lift  counterweight  arm  is  initially  as  far  above  that 
set  in  the  moment  weighing  arm  as  is  safe  (see  (11)),  and  that  the  lift  weighing  arm  is  down  as 
far  as  the  stops  in  its  cage  permit  it  to  go,  so  that  the  counterweight  arm  is  up  and  the  vertical 
distance  between  the  ends  of  the  strut  is  as 
large  as  it  can  ever  be.  The  condition  then 
existing  is  shown,  much  exaggerated  and 
with  the  strut  and  spring  clamp  represented 
only  by  their  center  lines,  in  Figure 1 12,  If  F 
be  the  compression  in  the  strut  and  also  the 
force  exerted  by  the  spring  damp  against  its 
socket,  the  two  being  equal  when  there  is  no 
pitching  moment,-  the  moment  about  tho  lift 
arm  due  to  the  separation  of  the  apices  of  the 
sockets  is  equal  to  the  product  of  F  by  the 
distance  between  the  lines  of  action  of  the 
two  members  at  the  point  half-way  between  the  apices  of  the  sockets  in  the  lift  counterweight 
arm.    Since  A  a  is  negligible  in  comparison  with  a,  this  distance  is  t  Xsin  a,  and  the  moment  is 


Figure  12. 


/''XeXsin  a 

The  moment  required  to  change  the  weight  on  the  drag  arm  by  0.1  per  cent  is 

Dxh 
1,000 

where  h,  as  before,  is  the  distance  from  the  main  pivot  to  the  center  of  the  model.  Equating 
these  two  moments, 

Dxh 


1,000 


/''XeXsin  a 


*    1,000  X  Fx  sin  a 

[q  the  particular  case  of  the  Langlcy  Field  balance  A  is  137  cm.,  the  maximum  likely  to  be  at- 
tained by  a  is  3°,  and  the  maximum  of  /''is  8  kg.,  a  maximum  which  would  not  be  needed  except 
at  high  wind  speeds.  Xormally,  the  spring  clamp  would  be  ad  justed  for  a  smaller  force  unless  the 
lift  were  at  least  1.5  kg.  I)  may  then  be  assumed  to  be  1  kg.  Substituting  these  figures  in  the 
formula  above, 

1,000  X  137 


1,000X8,000X0.0523 


=  0.328  cm. 
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The  separation  between  the  apices  of  the  pivot  sockets  also  lias  nn  effect  on  the  measurement 
of  lift.  The  horizontal  components  of  the  forces  in  the  strut  and  spring  clamp  are,  as  already 
noted,  exactly  equal  and  directly  opposed,  but  the  vertical  components  differ  because  of  the 
slight  difference  in  slope.  This  difference  in  slope  is  A«.  Since  a  is  small,  the  difference  in 
vertical  components  is  very  nearly  equal  to  FXAa,  and  this  is  approximately 

s 

where  8  is  the  length  of  the  strut. 

If  the  socket  at  the  end  of  the  lift  counterweight  arm  is  at  a  distance  (a)  from  the  main 
pivot,  the  force  corresponding  to  the  moment  about  the  main  pivot  resulting  from  this  un- 
balanced vertical  force  is 

„   e  X  sin  a  w  a 

r  X  Xr 

s  It 

Eauatinsr  this  to  ,  the  allowable  error,  it  is  seen  that  the  limiting  value  for  e  is: 

1        "  1,000  ° 

Lxsxh  

*_l,000XaXsin  aX  F 

In  the  Langlev  Field  balance  a  is  30.5  cm.,  s  is  5.9  cm.,  and  F  should  never  exceed       L.  Then 

Lx  5.9X137 


1 .000  X  30.5  X  0.0523  X  Y2L ' 


1.01  em. 


It  is  evident  that  the  first  case,  relating  to  the  error  in  drag,  is  the  limiting  one,  and  it  is  also 
apparent  that  it  is  useless  spending  much  time  in  attempting  to  bring  the  apices  of  the  sockets 
within  a  fraction  of  millimeter  of  each  other.  If  they  approach  within  3  mm.  in  a  balance  of 
the  type  and  size  of  that  built  by  the  advisory  committee  the  errors  resulting  from  the  sepa- 
ration will  be  negligible,  at  least  so  far  as  lift  and  drag  are  concerned. 

It  has  been  assumed  thus  far  that  there  is  a  separation  between  the  apices  of  tlx*  sockets 
at  one  end  only,  and  that  the  distance  between  the  opposite  ends  of  the  strut  and  spring  clamp 
is  negligible.  If  this  is  not  the  case,  there  being  an  equal  separation  at  both  ends,  the  error  in 
drag  is  not  affected,  while  that  in  lift  is  doubled.  The  drag,  however,  still  remains  the  limiting 
factor  and  the  permissible  separation  therefore  is  not  altered. 

In  measuring  pitching  moments  the  separation  of  the  pivots  causes  an  error  similar  to  that 
arising  in  the  drag  from  the  same  reason.  If  the  sockets  at  the  ends  of  the  strut  are  on  exactly 
the  same  level  there  is  no  error.  In  order  that  the  error  with  the  strut  inclined  2°  may  not  be 
over  250  gm.  cm.  when  the  lift  is  10  kg.  the  separation  of  the  pivots  must  be  less  than  0.365 
em.    The  drag,  therefore,  still  furnishes  the  limiting  case. 

(14)  The  upper  balance  head  is  restrained  laterally  by  a  flange  which  projects  down  from 
the  upper  head  into  the  lower  one,  and  also  by  the  tubular  portion  of  the  clamping  ring.  If 
the  centers  of  these  guiding  rings  arc  not  exactly  coincident  with  the  line  connecting  the  main 
and  lower  pivots,  or  if  the  surface  of  contact  between  the  upper  and  lower  parts  of  the  balance 
is  not  perpendicular  to  the  line  joining  the  pivots,  the  center  about  which  the  model  rotates' 
when  taking  moments  will  not  bo  correctly  determined  by  the  usual  method.  Since  an  error 
in  the  location  of  the  confer  of  rotation  corresponds  to  an  error  of  like  absolute  magnitude  in 
the  position  of  the.  vector  or  center  of  pressure  in  the  model,  the  standards  of  accuracy  which 
have  been  adopted  require  that  this  error  shall  not  exceed  0.2  nun.  In  the  Langley  Field 
balance,  the  securing  of  this  degree  of  accuracy  exacts  that  the  line  connecting  the  pivots  shall 
be  perpendicular  to  the  surface  of  separation  between  the  heads  within  0?009.  A  movement 
of  the  lower  pivot  through  0.12  mm.,  due  to  bending  of  the  lower  tube,  will  throw  the  line  con- 
necting the  pivots  out  by  this  angle,  and  it  is  therefore  necessary  that  the  lower  tube  be  straight- 
ened and  adjusted  with  great  care,  and  that  the  perpendicularity  of  the  line  and  surface  dofined 
above  bo  chocked  frequently. 
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(15)  Analogous  to  the  error  just  discussed  is  that  resulting  from  lateral  play,  between  the 
upper  and  lower  heads  of  the  balance,  which  changes  the  axis  of  rotation  of  the  upper  head 
relative  to  the  line  connecting  the  pivots.  This  lateral  play,  however,  has  another  bad  effect 
in  that  it  moves  the  center  of  gravity  of  the  upper  head  and  so  changes  the  amount  of  weight 
required  on  the  weighing  arms  for  the  zero  reading.  If  the  upper  head  moves  after  the  taking 
of  the'zerojandjbefore  that  with  t  he  wind  on  is  secured  there  will  be  a  resulting  error 

where  e  is  the  lateral  movement  and  11"  is  the  weight  of  the  upper  head  with  all  the  parts 
directly  attached  to  it,  With  a  model  of  average-  weight,  If  for  the  advisory  committee's 
balance  is  about  6  kg.  In  order  that  the  error  in  drag  due  to  the  slippage  of  the  upper  head 
may  not  be  more  than  0.5  gm.  e  must 
not  exceed  0.11  mm..,  and  I  he  clear- 
ance between  the  annular  flange  and 
the  cylindrical  portion  of  the  tower 
head  into  which  it  fits  should  be  kept 
below  iliis  figure. 

ERRORS    IN    THE  VERTICAL-FORCE 
MEASUREMENTS. 

There  are  certain  errors  in  this  pari 
of  the  balance  which  arc  obvious  and 
are  strictly  analogous  to  those  already 
considered  for  lift  and  drag  measure- 
ments. An  error  in  the  length  of  the 
V*.  F.  weighing  arm,  for  example,  has 
just  the  same  effect  as  lias  a  corre- 
sponding slip  on  the  weighing  anus  for 
lift  and  drag.  The  knife-edge  on  the 
V.  F.  arm  must  be  located  with  some 
care,  as  one  arm  of  the  beam  (the  one 
extending  from  the  knife-edge  through 
the  balance  wall  to  the  center)  is  very 
short  and  only  a  small  absolute  error 
(about  0.1  nun.)  is  permissible.  It 
is,  however,  easy  to  calibrate  the  V.  F.  arm  with  dead  weight,  and  to  ad  just  t  lie  knife-edges 
in  accordance  with  the  calibration. 

The  most  serious  fault  to  which  the  V.  F.  measurements  are  liable  arises  from  the  inclina- 
tion to  the  horizontal  of  the  link  which  is  fastened  to  the  wall  of  the  balance  and  which  carries 
the  socket  for  the  lower  end  of  the  long  vertical  rod.  If  the  strut  which  runs  vertically  from 
that  link  to  the  inner  end  of  the  V.  F.  weighing  arm  is  too  long  or  too  short  the  link  will  not  be 
horizontal,  and  any  force  in  it  wUl  have  a  vortical  component  causing  an  error  in  the  measure- 
ment of  the  vertical  force.  The  method  of  determining  whether  or  not  this  error  exists  has 
been  described  elsewhere,1  and  it  will  suffice  here  to  determine  the  magnitude  of  tho  error 
resulting  from  a  given  departure  from  the  correct  length  of  strut  or,  conversely,  the  accuracy 
with  which  the  strut  must  be  made  to  keep  the  error  within  a  given  tolerance. 


>  Report  of  British  Advisory  Commitr.no  for  Aoronmiiics,  1912-13,  p.  65:  London. 
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The  arrangement  of  the  vortical  force  mechanism  is  shown  diagramatically  in  Fig.  13. 
Taking  moments  about  the  rollers  at  G,  at  which  point  the  force  against  the  rod  must  bo  exactly 
horizontal  if  the  friction  in  the  rollers  ho  neglected,  the  force  at  P  is  soon  to  be 

Tho  vertical  component  of  this  force  is 

Since  this  is  subtracted  from  the  vertical  force  acting  on  the  model  it  increases  the  apparent 
magnitude  of  the  force.  In  order  that  the  error  in  lift  from  this  cause  may  not  exceed  0.1  per 
cent  the  slope  of  the  link  must  he  less  than 

L.h" 


y  ~  n    j,/  x 


D"h'  "1,000 

In  the  case  of  the  balance  at  Langley  Field,  if  the  minimum  ^  be  taken  as  5,  7  must  be  loss 

than  ()?75,  and  this  requires  that  the  length  of  the  strut  he  correct  within  1  nun.  Here,  as  in 
many  others  among  the  sources  of  error  examined,  the  tolerance  in  dimensions  is  much  larger 
than  would  he  expected  at  first. 
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PART  IV. 


BRIEF  NOTES  ON  BALANCES  OF  OTHER  TYPES. 

La  discussing  other  types  of  balances,  no  attempt  will  be  made  to  carry  through  any  such 
exhaustive  analysis  of  sources  of  error  as  has  boon  developed  for  the  N.  P.  L.  instrument.  The 
endeavor  will  bo  rather  to  show  the  reasons  which  lod  to  the  rejection  of  these  other  types  in 
favor  of  the  one  finally  adopted  for  construction  and  use  at  Langley  Field. 

(l)  EIFFEL. 

Tho  principle  of  operation  of  the  Eiffel  balance  is  fully  explained  in  his  two  books.1  The 
essential  parts  of  tho  instrument  are  shown  diagrammatical!}*  in  Fig.  14.  Three  readings 
are  taken  at  each  angle  of  incidence,  deter- 
mining the  moments  about  axes  A,  B,  and  C. 
From  these  three  values  can  be  computed 
the  magnitude  and  line  of  action  of  the  re- 
sultant force  on  tho  model.  In  tho  actual 
instrument  used  at  tho  Eiffel  laboratories 
only  two  axes  are  used,  C  being  omitted,  and 
tho  moment  about  A  is  taken  both  with  the 
model  in  the  normal  position  and  with  the 
model  inverted.  The  moments  about  A  in 
the  normal  and  inverted  positions,  respec- 
tively, will  be  denoted  by  M\  and  M/ ,  tho 
moment  about  B  by  Mw. 

If  tho  force  acting  on  the  model  be  re- 
solved into  its  components  L  and  D,  acting 
at  tho  point  shown  in  the  diagram,  and  tho 
pitching  moment  M,  tho  equations  for  moments  about  the  three  axes  can  be  written,  assuming 
tho  model  to  be  set  up  witli  tho  origin  of  its  axes  diroctly  under  A, 


FlCiURE  14. 


MA'  =  (axD)  +  M 

MK  =(a  +  0)xD-(bxL) 


M 


Solving  these  equations,  the  formulae  for  L,  D,  and  .Wean  be  secured. 


c_  2a +c 

L_-  MB+  (MA'  X2a)  +  (MAX  2a 
b 

2a 


if 


M./-M. 


Ordinarily  is  negative,  Ms  and  MA'  positive  L  and  D  are  therefore  obtained  by  summa- 
tions, If  by  a  subtraction. 

'  Recherches  sur  la  Resistance  do  I' Air  et  i'Aviation,  O.  Eiffel,  Paris,  1911.  Nouvellcs  Rechcrches  sur  la  Resistance  dc  l'Air  et  l'Aviation. 
U.  Blffll,  Paris,  1914. 
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Since  the  three  moments  are  taken  at  different  times  the  errors  which  appear  in  any  two 
of  the  three  due  to  variations  in  wind  speed  may  be  in  the  same  or  in  opposite  directions,  and 
the  worst  of  theso  conditions  must  be  assumed  in  computing  the  maximum  error  which  can 
enter  into  the  computed  quantities.  The  maximum  error  to  be  expected  in  any  single  meas- 
urement is  approximately  proportional  to  the  magnitude  of  the  measurement  unless  this  is 
very  small,  as  most  of  the  error  is  caused  by  fluctuations  in  wind  speed  or  by  inaccuracies  in 
its  measurement.  L  and  D  are  the  results  of  summations,  and  the  maximum  percentage 
error  in  these  forces  therefore  can  not  exceed  the  maximum  percentage  error  in  the  factors 
from  which  they  are  determined.  There  should  be  no  difficulty  in  keeping  this  below  J  percent. 
The  oidy  restriction  that  must  be  observed  in  order  not  to  impair  the  accuracy  of  measurement 
of  L  and  D  is  that  the  distance  b  must  be  large  enough  so  that  Mu  will  never  become  positive, 
or  even  approach  very  near  to  zero,  under  any  ordinary  conditions.  This  requirement  will 
be  satisfied  if  b  is  one-half  as  large  as  <i.  In  Eiffel's  balance  b  appears  to  be  unnecessarily  large, 
being  approximately  equal  to  a. 

The  errors  arising  in  the  computation  of  pitching  moment  are  likely  to  be  more  serious, 
since  that  quantity  is  the  difference  of  two  moments.  The  error  which  is  of  interest  hero  is 
absolute  and  not  relative,  a  mistake  of  10  gm.  cm.  in  a  given  model  being  quite  as  serious  if 
tin-  total  moment  is  10,000  gm.  cm.  as  it  is  if  the  spindle  is  so  placed  as  to  reduce  the  moment 
to  100  gm.  cm.,  since  it  is  the  line,  of  action  of  the  resultant  force  which  has  to  be  determined 
with  the  greatest  possible  accuracy,  and  the  shifting  of  this  line  by  an  error  in  determination 
of  the  pitching  moment  is  proportional  to  the  absolute  magnitude  of  that  error  and  inversely 
proportional  to  the  resultant  force  on  the  model,  but  is  entirely  independent  of  the  point  taken 
as  an  origin,  the  location  of  this  point  being  the  chief  factor  determining  the  magnitude  of 
the  pitching  moment. 

The  maximum  absolute  error  in  the  computed  pitching  moment  is 

AM^8     U  SxaxD 

where  5  is  the  maximum  proportional  error  in  a  single  measurement. 
The  error  in  the  location  of  the  resultant  force  is  then  nearly 

L  D 

In  the  balance  used  at  Eiffel's  laboratory.  "  is  approximately  10  times  the  chord  of  the 
models  usually  tested.    Then,  if  /  is  the  chord, 

105  Xl 
AX=  L 
D 

Taking  L/D  as  16  for  wings,  and  5  as  1/200,  a  possible  error  of  a  little  more  than  3  per  cent 
of  the  chord  in  locating  the  center  of  pressure  is  indicated.  For  complete  models,  having  a 
maximum  L/D  of  8,  the  error  in  locating  the  vector  of  resultant  force  may  be  as  much  as  6 
per  cent  of  the  chord.  For  angles  of  attack  other  than  those  of  maximum  L/D  the  possible 
error  is  still  greater.  This  large  error  is  inherent  in  the  Eiffel  type  of  balance,  and  no  modi- 
fication of  the  dimensions  can  remove  it.  It  can  be  somewhat  reduced  by  reducing  a,  but 
steps  in  this  direction  are  limited  by  the  necessity  of  keeping  the  weighing  beam  and  main 
supporting  frame  of  tho  balance  out  of  the  moving  air;  a  must,  therefore,  be  at  least  half  the 
diameter  of  the  wind-stream. 

This  discussion  has  so  far  been  basod  on  the  assumption  that  the  moments  about  the 
various  axes  are  not  affected  by  any  errors  in  the  instrument  itself.  Actually,  however,  the 
spindle  is  quite  as  subject  to  deflection  as  in  an  N.  P.  L.  balance.    Since  the  bending  moment 
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in  the  spindle  at  any  particular  point  is  not  the  same  when  the  model  is  in  the  normal  position 
as  when  it  is  hold  inverted  at  the  same  angle,  the  deflection  will  not  be  the  same  in  the  two 
cases.  The  moment  about  A  in  each  position  therefore  includes  a  term  proportional  to  the 
lift,  and  this  term  is  different  in  the  two  positions.  The  failure  to  take  account  of  the  deflec- 
tion of  the  model  leads  to  errors  in  the  computation  of  both  forces  and  the  pitching  moment. 
The  unequal  deflections  of  the  weighing  arm  when  taking  the  two  moments  lead  to  an  error 
of  the  same  nature.  The  error  in  the  drag  from  this  causo  may  be  as  much  as  3  per  cent  with 
a  spindle  of  normal  size,  and  the  percentage  error  increases  as  the  wind  speed  increases.  If 
the  spindle  is  enlarged  to  cut  down  the  deflection  it  becomes  a  matter  of  great  difficulty  to 
allow  for  the  increased  spindle  interference. 

Furthermore,  the  drag  of  the  model  is  not  the  same  in  the  normal  and  inverted  positions, 
because  the  effective  drag  of  the  spindle,  due  largely  to  interference,  is  quite  different  when  it 
is  attached  on  the  upper  surface  of  the  wing  from  that  when  the  spindle  is  mounted  on  the 
lower  surface.    This  causes  a  further  error  in  computing  the  pitching  moment. 

No  detailed  discussion  of  the  errors  arising  in  the  Eiffel  type  of  balance  will  be  undertaken. 
Its  chief  disadvantages,  in  addition  to  the  inherent  inaccuracies  already  noted,  are  the  time  re- 
quired for  taking  all  the  readings  and  working  up  the  results  therefrom,  its  great  weight  (the 
moving  parts  of  the  balance  at  Eiffel's  labora- 
tory weigh  50  kg.,  although  it  is  never  required 
to  measure  forces  in  excess  of  10  kg.),  and  its  lac k 
of  sensitivity,  discussed  in  the  next  paragraph. 
Its  only  important  advantages  reside  in  the 
elimination  of  all  pivots  in  favor  of  knife-edges 
and  in  the  avoidance  of  serious  errors  due  to 
failure  to  lino  the  balance  up  to  the  wind  accu- 
rately. If  the  axes  about  which  moments  are 
taken  are  not  exactly  perpendicular  to  the  wind 
direction  it  is  a  matter  of  small  import. 

The  sensitivity  of  the  Eiffel  balance  is  rather 
low,  as  the  main  portion  of  the  instrument  is 
supported  on  a  pair  of  knife-edges,  and  these 
knife-edges  are  at  the  extreme  top  of  the  float- 
ing member.  The  center  of  gravity  of  this  main 
beam  is,  judging  from  the  drawings,  about35  cm. 
below  the  knife-edges,  and  there  is  consequently 
a  largo  restoring  moment  due  to  the  weight  of 
the  instrument  when  the  beam  is  moved  from  the  central  position.  The  lack  of  sensitivity 
due  to  this  cause  could  be  balanced  by  placing  the  center  of  gravity  of  the  weighing-beam  well 
above  the  knife-edges  on  which  it  is  supported,  so  that  this  member  alone  would  be  unstable, 
but  this  does  not  appear  to  have  been  done  in  the  instrument  used  by  Eiffel.  Xo  dash  pot  is 
incorporated,  and  it  is  therefore  necessary  to  secure  a  good  degree  of  stability  of  the  beam  in 
order  that  it  may  not  make  continuous  violent  oscillations  between  the  stops. 

(2)  THE  ST.  CYR.  BALANCE. 

The  balance  used  in  the  tunnel  of  the  Institut  Aerotechnique  de  St.  Cyr  is  quite  different 
from  any  of  the  older  and  better-known  types,  and  it  embodies  many  original  and  interesting 
features.  The  general  arrangement  is  shown  in  Fig,  15,  AJBOD  and  EFGffl  are  articulated 
parallelograms.    BGCII  is  a  rigid  square  frame. 

The  lift  on  the  model  causes  the  parallelograms  EFGH  and  BGCII  to  rise,  and  CDN  pivots 
about  D .  The  upward  movement  of  C  is  transmuted  through  the  links  CDN  and  NU,  and 
raises  the  outer  end  of  the  weighing  beam  UIJ.  Weight  is  added  at  J  until  this  tendency  to 
rise  is  balanced. 
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In  measuring  the  drag  the  wing  moves  horizontally,  GH  acts  as  the  fixed  link,  FGK 
pivots  ahout  G,  and  the  drag  is  measured  by  weights  at  K. 

Since  AD  is  fixed  in  the  frame  of  the  halance,  AD  and  B C  always  remain  vertical,  EFnnd 
GH  horizontal.  The  model,  therefore,  moves  parallel  to  itself,  and  the  angle  of  attack  never 
changes,  nor  do  its  slight  movements  cause  it  to  assume  any  angle  of  roll  or  yaw.  In  this 
respect  the  St.  Cyr  halance  has  the  advantage  over  the  X.  P.  L.  instrument. 

The  two  measurements  can  not  he  entireh'  independent,  as  the  weight  attached  at  K 
exerts  a  direct  downward  force  as  well  as  a  moment  ahout  G,  and  the  lift  is  therefore  greater 
than  that  read  at  J.  Since  the  lift  is  the  sum  of  two  figures,  the  error  is  no  greater  than  it  would 
he  if  the  lift  were  ohtained  by  a  single  measurement. 

Adjustahle  weights  are  carried  on  prolongations  of  KB:  and  FG  helow  the  lower  pivots, 
and  these  serve  to  adjust  the  position  of  the  center  of  gravity  and  control  the  sensitivity  with 
models  of  different  weights. 

All  pivots  are  eliminated  in  this  halance,  knife-edges  or  hall-bearings  being  used  at  all  joints. 
This,  and  the  uniformly  parallel  motion  of  the  model,  are  the  greatest  advantages  of  the  St. 
Cyr  type  of  balances.  There  is  an  objectionably  large  number  of  joints.  11  in  all.  as  against  the 
single  pivot  and  the  two  universal  joints  provided  by  the  strut  and  spring  clamp  in  the  X.  P.  L. 
instrument.  The  St.  Cyr  balance  escapes  some  of  the  errors  to  which  the  simpler  type  is 
subject.  As  in  the  Eiffel  balance,  the  alignment  of  the  plane  of  the  linkage  with  respect  to  the 
wind  is  not  important.  The  force  balanced  by  the  weights  at  K  is  that  perpendicular  to  the 
links  EH  and  FG,  and' these  links  must  therefore  be  very  closely  perpendicular  to  the  wind 
direction  when  the  weighing  arm  is  in  its  neutral  position.  The  departure  from  perpendicu- 
larity should  not  exceed  0°.0o  under  any  conditions,  and,  since  deflection  either  of  FG  or  GK 
prevents  this  condition  from  being  observed,  those  arms  must  be  extremely  stiff.  If  alignment 
is  to  be  preserved  within  0°.0o,  and  if  the  deflection  length  ratio  for  FG  and  GK  is  the  same, 
the  deflection  of  each  must  be  less  than  1/2300  of  its  length. 

To  measure  pitching  moments,  a  pin  is  inserted  at  11  locking  the  two  parallelograms  together 
and  maintaining  each  of  them  in  rectangular  form.  The  model  and  the  parallelogram  EFGH 
then  rotate  about  A.  In  order  that  this  motion  may  be  free  it  is  necessary  that  the  link  CD 
be  disconnected  either  at  Cor  at  D  as.  if  this  were  not  done,  C would  also  rotate  about  A  and, 
D  being  fixed,  the  length  of  the  link  CD  would' have  to  change  in  order  to  permit  of  any  motion. 
It  is  not  clear  from  the  drawings  what  provision,  if  any,  is  made  for  such  disarticulation.  The 
moment  about  A  being  balanced  by  hanging  weight  on  at  K,  the  perpendicular  distance  from 
A  to  the  force  vector  can  be  computed  and,  its  slope  being  known  from  the  force  measurements, 
the  vector  is  fully  defined  as  to  length  and  line  of  action. 

It  is  thus  necessary  to  make  two  runs  with  this  balance,  just  as  with  the  X.  P.  L.  instru- 
ment, for  a  complete  determination  of  the  forces  and  moment  acting  on  a  symmetrical  object. 

A  number  of  other  devices  are  incorporated  in  the  halance  for  increasing  the  ease  of  reading 
and  decreasing  the  work  of  computation  involved.  For  example,  there  are  a  pair  of  small 
hydraulic  dynamometers  which  permit  the  direct  measurement  of  forces  without  the  use  of 
any  weights  at  all.  Special  means  are  also  provided  for  eliminating  the  zero  reading  on  both 
weighing  arms  and  for  taking  care  of  negative  lifts,  as  well  as  for  balancing  the  lift,  due  to  the 
lowered  static  pressure  inside  the  tunnel,  on  the  flanged  ring  which  dips  into  the  oil  seal. 

(3)  CURTISS. 

The  balance  designed  by  Dr.  A.  F.  Zahm  for  the  4-foot  tunnel  of  the  Curtiss  Engineering 
Corporation  is  similar  to  the  X.  P.  Li  type  in  general,  but  differs  from  it  in  that  the  single  pivot 
is  replaced  by  two  sets  of  knife-edges  at  right  angles  to  each  other.  The  lift  and  drag  are  then 
measured  on  separate  runs.  The  knife-edges  are  carried  at  the  extreme  ends  of  the  weighing 
arms,  so  that  there  is  no  possibility  of  one  knife-edge  being  lifted  from  its  socket  by  the  transverse 
force  on  the  model  unless  the  lift  is  nearly  equal  to  the  total  weight  of  the  balance. 

The  use  of  two  independent  sets  of  knife-edges  makes  it  possible,  if  desired,  to  secure  dif- 
ferent degrees  of  sensitivity  in  lift  and  drag.    A  much  higher  degree  of  absolute  sensitivity  is 
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usually  necessary  in  drag  than  in  lift,  and  some  stability  in  respect  of  the  lift  measurements  is 
useful,  especially  at  large  angles  where  the  lift  arm  tends  to  oscillate  violently. 

It  was  shown  in  Part  II  that  the  synchronism  of  the  movements  of  the  model  in  two  planes 
affects  the  sensitivity  in  lift,  the  lift  being  modified  by  the  angle  of  yaw  which  the  model  assumes 
when  the  drag  beam  moves  from  its  neutral  position.  This  effect  obviously  does  not  appear  in 
the  Curtiss  balance,  where  the  measurements  of  lift  and  drag  are  taken  at  different  times. 

In  respect  of  most  of  the  errors  disctissed  in  Part  III.  and  of  the  accuracy  necessary  in  the 
sliding  of  various  parts,  the  Curtiss  balance  stands  on  exactly  the  same  footing  as  does  the 
N".  P.  L.  type.  The  balance  carried  on  two  widely  separated  knife-edges  obviously  needs  no 
strut  and  spring  clamp  to  prevent  rotation  about  a  vertical  axis,  and  the  elimination  of  these 
members,  together  with  the  natural  superiority  of  a  knife-edge  over  a  pivot  makes  the  friction 
in  the  Curtiss  balance  materially  smaller  than  that  in  the  single-pivot  type.  The  only  important 
counterbalancing  disadvantage  is  the  time  required  to  make  two  separate  runs. 

Pitching  moments  are  measured  by  an  entirely  self-contained  device,  making  no  contact 
with  the  frame.  The  model  is  carried  on  a  rod  which  passes  down  through  the  hollow  upper 
portion  of  the  balance.  The  lower  end  of  the  rod  is  pointed  and  rests  in  a  conical  socket.  This 
rod  has  attached  to  it  a  horizontal  bar  which  projects  through  a  hole  in  the  wall  of  the  balance, 
and  which  bears  against  the  end  of  the  vertical  arm  of  a  bell  crank,  on  the  horizontal  arm  of 
which  weight  is  hung  to  balance  the  pitching  moments.  The  moment  guide  arm  is  carried  by 
the  upper  part  of  the  balance  proper,  which  therefore  never  makes  any  contact  with  the  balance 
frame  except  through  the  knife-edges.  This  method  of  measuring  moments  is  essentially 
similar  in  principle  to  that  used  at  Langlev  Field,  has  the  same  merits,  and  is  subject  to  the 
same  criticisms. 

(4)  WRIGHT. 

In  the  balance  designed  by  Mr.  Orville  Wright,  and  used  in  his  wind  tunnel  at  Dayton,  the 
LID  ratio  can  be  found  directly  by  measuring  the  slope  of  the  vector.  The  model  is  carried  In- 
one  side  of  an  articulated  parallelogram,  the  opposite  side  of  which  is  fixed  relative  to  the 
tunnel.  The  model  therefore  moves  parallel  to  itself,  and  takes  up  a  position  such  that  the  two 
free  sides  of  the  parallelogram  are  parallel  to  the  vector  (if  the  plane  of  the  linkage  is  vertical, 
the  vertical  links  must,  of  course,  be  prolonged  and  counterweighted,  the  counterweights  being 
adjusted  so  that,  with  the  model  in  place  and  no  wind  on.  the  linkage  will  remain  in  any  position 
in  which  it  is  set). 

The  major  disadvantage  of  this  system  is  the  minuteness  of  the  angles  which  must  be 
measured.  If  an  L/D  of  16  is  to  be  determined  with  an  error  not  in  excess  of  1  per  cent,  the 
slope  of  the  vector  must  be  read  off  correct  within  0?036.  This  corresponds  to  a  distance  of 
0.16  nun.  at  the  tip  of  a  pointer  25  cm.  long.  The  difficulty  of  reading  angles  as  closely  as  this 
must  always  be  considerable,  even  if  the  pointer  remains  perfectly  steady.  With  care,  however, 
the  flexible  linkage  method  is  capable  of  giving  very  accurate  results. 

When  the  lift  and  drag  are  to  lie  measured  separately  these  forces  are  balanced  against  the 
drag  on  a  wire  screen.  The  force  is  read  directly  from  the  position  of  a  pointer  on  a  scale, 
and  no  such  adjustments  are  necessary  as  had  to  be  made  in  the  Lanchester  and  Dines  bal- 
ances (see  Part  II). 

This  balance  is  easy  and  quick  to  use,  although  it  requires  two  runs  to  secure  the  lift  and 
drag.  It  is  hardly  to  be  expected,  however,  that  it  can  give  the  accuracy  attainable  by  other 
methods.  If  the  same  screen  is  used  as  standard  throughout  a  single  test  for  wing  drag,  the 
maximum  force  to  be  measured  will  be  more  than  10  times  as  large  as  the  minimum,  and  the 
inclination  of  the  screen  must  accordingly  vary  through  nearly  90°.  The  determination  of  the 
smallest  force  to  within  1  per  cent  would  necessitate  the  division  of  the  scale  into  1,  000  parts, 
and  the  reading  of  divisions  so  fine  as  these  would  be  exceedingly  difficult,  especially  as  the 
pointer  is  certain  to  move  slightly,  pulsations  in  velocity  of  the  wind  not  affecting  the  wing  and 
the  screen  at  the  same  time. 
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The  linkage  on  a  tunnel  of  this  type  may  be  placed  either  inside  or  outside  the  tuimel.  In 
the  first  case  the  linkage  interferes  seriously  with  the  (low  around  the  model.  In  the  second  case 
the  force  on  the  model,  acting  out  of  the  plane  of  the  linkage,  produces  torsion  in  the  links  and 
greatly  augments  the  friction  at  the  joints. 

Great  care  is  necessary  in  aligning  the  linkage  with  the  wind,  the  errors  due  to  a  fraction  of 
a  degree  of  misalignment  being  as  S'.-rious  as  in  the  N.  P.  L.  balance.  There  are  nine  joints  which 
come  into  play  in  the  Wright  balance  when  it  is  used  for  measuring  the  components  of  force 
separately.  The  conclusion  is  that,  for  accurate  work,  this  balance  is  probably  inferior  to  sev- 
eral other  types,  but  that  it  would  be  very  convenient  for  securing  comparative  results  in  a  hurry, 
particularly  if  the  wind  velocity  were  subject  to  fluctuations  which  would  make  it  difficult  to 
balance  the  fluctuating  air  resistance  against  fixed  weights  in  the  usual  way.  The  Wright 
balance  is  more  accurate  and  satisfactory  for  measurements  of  L/D  than  for  either  force  alone. 
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THE  DESIGN  OF  WIND  TUNNELS  AND  WIND  TUNNEL  PROPELLERS. 

By  Edward  P.  Warner,  F.  H.  Norton,  and  0.  M.  Hebbkrt. 


THE  ELEMENTARY  THEORY  OF  THE  FLOW  OF  AIR  THROUGH  WIND  TUNNELS. 

If  the  air  flowing  through  a  wind  tunnel  and  back  through  the  room  from  the  exit  to  the 
entrance  of  the  tunnel  followed  Bernoulli's  theorem  with  exactness,  there  would  be  no  change 
in  the  energy  possessed  by  a  given  particle  of  air,  except  for  the  loss  due  to  friction,  as  the 
kinetic  energy  lost  on  issuing  from  the  tunnel  would  bo  restored  in  the  form  of  pressure  energy. 
The  power  required  to  maintain  the  flow  would  then  be 

P  =  mxhf 

where  lif  is  the  head  (in  feet  of  air)  lost  by  friction  and  m  is  the  mass  of  air  flowing  per  second. 
As  the  same  mass  of  air  must  pass  every  point  in  the  tunnel,  the  product  of  mean  air  speed  by 
cross-section  area  must  be  a  constant  for  its  whole  length,  neglecting  compressibility  and  changes 
in  temperature  during  the  passage.  Since  the  major  part  of  the  frictional  losses  occur  in  the 
reduced  section  of  the  tunnel  (provided  that  it  is  not  very  short  and  that  the  diffuser  is  not  so 
constructed  as  excessively  to  hamper  the  travel  of  the  air  from  the  tunnel  back  into  the  room) 
h/  would  be  practically  independent  of  the  size  and  angle  of  the  exit  cone,  and  the  power  con- 
sumed would  also  be  independent  of  these  factors. 

As  a  matter  of  fact  the  conditions  of  flow  are  not  simple  enough  to  permit  the  direct  appli- 
cation of  Bernouilli's  theorem.  Borda  has  shown  that  the  loss  of  energy  when  fluid  moving  at 
high  velocity  in  a  pipe  is  discharged  abruptly  into  a  large  room  or  reservoir  is  equal  to  the 
kinetic  energy  initially  possessed.  The  kinetic  energy  is  not  converted  into  pressure  energy  as 
the  theory  indicates  that  it  should  be,  and  it  is  therefore  profitable  to  use  an  exit  cone  of  con- 
siderable length,  in  order  that  part  of  the  kinetic  energy  may  be  saved  by  conversion  into  the 
potential  form  before  the  sudden  discharge  into  the  room.  The  length  to  which  it  is  desirable 
to  prolong  the  cone  is  limited  by  the  growing  loss  by  friction  within  the  exit  cone  itself.  A 
more  rapid  conversion  of  the  kinetic  energy  by  increasing  the  vertex  angle  of  the  exit  cone  is 
forbidden  by  the  unwillingness  of  the  air  to  change  its  course  suddenly  and  follow  the  walls  of 
the  exit  cone.  If  the  vertex  angle  be  made  too  large  the  effect  is  almost  the  same  as  that  of 
an  abrupt  increase  in  cross  section.  Eiffel,  as  the  result  of  an  elaborate  theoretical  and  experi- 
mental research  on  tunnels  having  exit  cones  generated  by  straight  lines,  has  come  to  the  con- 
clusion that  the  vertex  angle  of  the  exit  cone  should  be  not  more  than  7°,  and  that  the  diameter 
at  the  large  end  of  the  exit  cone  should  be  tliree  times  that  at  the  small  end.  It  is  necessary  to 
base  the  dimensions  of  a  tunnel  on  a  compromise,  as  the  arrangement  which  would  give  the 
absolute  maximum  of  efficiency  would  have  to  bo  housed  in  a  building  of  prohibitive  size.  The 
over  all  length  can  be  materially  reduced  at  the  cost  of  a  slight  increase  in  power,  and  the  first 
cost  of  the  building,  depending  on  its  dimensions,  must  be  balanced  against  the  cost  of  opera- 
tion, which  varies  with  the  power  of  the  motor  and  so  with  the  efficiency  of  the  tunnel.  *  The 
relations  to  be  observed  among  the  various  dimensions  of  the  tunnel  and  the  angles  of  the  cones 
will  be  discussed  more  fully  elsewhere.  Knowing  the  power  consumed  by  a  tunnel,  its  diam- 
eter, and  the  speed  of  the  air,  the  total  losses  can  easily  be  computed  for  that  particular  speed, 
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and  the  magnitude  of  the  figure  thus  obtained  will  serve  as  a  measure  of  the  efficiency  of  opera- 
tion of  the  tunnel.  Since,  however,  the  losses  vary  with  the  speed,  they  can  not  be  compared 
directly  for  two  tunnels  unless  they  are  run  at  the  same  speed.  The  factor  most  commonly 
used  for  comparisons  between  tunnels  is  the  ratio  of  the  kinetic  energy  possessed  by  the  air 
passing  through  the  tunnel  in  unit  time  to  the  work  done  by  the  motor  in  unit  time.  This  is 
sometimes  called  the  "over-all  efficiency,"  but  it  is  herein  alluded  to  as  the  "energy  ratio.'' 
The  term  efficiency  in  this  connection  is  misleading,  as  the  two  quantities  introduced  into  the 
ratio  are  not  directly  connected,  but  merely  happen  to  have  the  same  dimensions  and  so  to  be 
convenient  for  the  purpose.  Furthermore,  the  value  of  the  ratio  is  very  commonly  more  than 
t,  and  is  sometimes  very  much  more. 

To  determine  the  manner  in  which  the  power  consumed  varies  with  speed,  and  so  deter- 
mine the  validity  or  otherwise  of  the  above  relation,  as  well  as  to  find  the  relation  which  must 
be  preserved  among  the  various  factors  in  order  that  geometrically  similar  tunnels  may  be 
strictly  comparable,  the  Theory  of  Dimensions  may  be  used.  The  method  pursued  need  not  be 
gone  into  in  detail,  as  it  lias  been  described  many  times  before,  and  it  will  suffice  to  summarize 
the  results.  It  appears  that,  if  the  compressibility  of  the  air  and  the  action  of  gravity  on  it  be 
assumed  to  be  of  negligible  importance  at  the  speeds  employed,  the  power  consumed  is  pro- 
portional, for  geometrically  similar  tunnels,  to  the  cross-section  area  and  to  the  cube  of  the  speed, 
VD 

provided  that  —  where  V  is  the  air  speed,  D  the  tunnel  diameter,  and  v  the  coefficient  of 

kinematic  viscosity,  is  maintained  constant.  Experiments  conducted  with  a  model  tunnel  at 
Langley  Field  and  fully  described  elsewhere  in  this  report,  as  well  as  those  carried  on  by  Durand, 

VD 

Castellazzi,  and  others,  show  that  the  "energy  ratio"  varies  but  little  with  changes  of  —  and 

it  is  therefore  safe  to  apply  the  results  of  model  experiments  to  full-sized  tunnels,  even  though 
the  speeds  may  not  be  strictly  in  inverse  ratio  to  the  diameters.    In  general,  the  "  energy  ratio" 
YD  ■ 

increases  as       increases,  and  it  therefore  requires  less  power  to  drive  a  tunnel  than  would  be 

predicted  from  a  direct  application  of  the  results  of  tests  on  a  model  of  the  tunnel  and  propeller. 

The  useful  work  done  by  a  propeller  is  equal  to  the  product  of  the  thrust  by  the  speed  oi 
flow  of  the  fluid  through  the  propeller  disk.    The  thrust  of  a  wind  tunnel  propeller  is  then 

mX  hf 
V 

where  V  is  the  speed  of  the  air  past  the  propeller,  and  this  equation  holds  good  whether  Ber- 
nouilli's  theorem  is  followed  or  not,  so  long  as  hf  is  the  total  loss  of  head  from  all  causes. 

A'  being  the  cross-section  area  at  the  propeller,  and  the  propeller  thrust  is  therefore  equal  to 
the  weight  of  a  column  of  air  having  a  height  equal  to  the  total  loss  of  head  and  a  cross-sec- 
tional area  erpial  to  the  disc  area  of  the  propeller.  Since  the  power  is  proportional  to  the  cube 
of  the  speed,  the  thrust  varies  as  its  square. 

If  the  factors  causing  departures  from  Bernouilli's  theorem  are  neglected,  the  useful  work 
done  in  moving  the  air  against  friction  will  be,  as  already  mentioned,  independent  of  the  degree 
of  expansion  of  area  in  the  exit  cone,  and  so  of  the  diameter  of  the  propeller.  Under  these  condi- 
tions, in  fact,  the  advantage  in  respect  of  power  consumed  would  rest  with  the  short  exit  cone 
and  small  propeller,  as  the  propeller  efficiency  is  highest  for  a  large  value  of  the  "slip  function" 
and  this  is  obtained  by  making  the  speed  of  the  air  through  the  propeller  high  and  keeping 
down  the  diameter  of  the  propeller.  Assuming  that  the  output  of  work  is  the  same  in  all  cases, 
the  thrust  will  be  inversely  proportional  to  the  speed  of  air  through  the  propeller,  or  directly 
proportional  to  the  disk  area. 
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LAWS  OF  SIMILITUDE  FOR  WIND  TUNNEL  PROPELLERS. 

It  is  obvious  from  a  study  of  the  Drzewiocki  theory  of  propeller  action  that  a  scries  of  pro- 
pellers of  similar  blade  form  and  width-diameter  ratio,  all  working  at  the  same  true  angle  of 
attack,  will  give  thrusts  approximately  proportional  to  N2D4,  where  N  is  the  engine  speed  in 
revolutions  per  unit  time  and  D  the  propeller  diameter.  This  proportion  can  be  demonstrated 
by  the  Theory  of  Dimensions  to  hold  exactly  true  for  geometrically  similar  propellers  of  perfect 
rigidity,  but  it  is  very  nearly  correct  oven  where  propellers  of  different  pitches  are  concerned. 
It  has  been  shown  that  the  thrusts  of  a  series  of  propellers  designed  to  drive  the  same  wind 
tunnel  or  geometrically  similar  tunnels,  is  proportional  to  N-T)\  and  also  to  the  cross-section 
area,  which,  in  turn,  varies  as  D-.  It  follows  from  these  two  relations  that  NW  must  be  a 
constant,  and  the  peripheral  speed  of  the  propeller  required  to  draw  air  through  a  wind  tunnel 
at  any  particular  speed  will  therefore  be  quite  independent  of  the  diameter  of  the  propeller  if 
the  power  required  is  independent  of  that  diameter.  It  follows  as  an  obvious  corollary  that, 
if  the  power  required  is  not  independent  of  the  degree  of  expansion  in  the  exit  cone,  the  pe- 
ripheral speed  of  the  propeller  will  be  least  under  the  same  conditions  as  those  for  which  the 
power  required  has  its  minimum  value. 

It  is  easily  demonstrable  that  the  stresses,  both  those  duo  to  centrifugal  force  and  those  due 
to  bending  by  the  air  pressure,  in  a  scries  of  geometrically  similar  propellers  depend  only  on 
the  peripheral  speed,  and  that  they  vary  as  the  square  of  that  quantity.  There  is  therefore  a 
limiting  peripheral  speed  which  can  not  be  exceeded  with  safety.  For  wooden  propellers,  it  is 
unsafe  to  run  the  peripheral  speed  much  beyond  60,000  feet  per  minute,  or  305  meters  per  second, 
and  it  is  better  to  stay  well  inside  this  figure.  In  the  case  of  an  airplane  or  airship  where  large 
power  must  be  taken  on  a  single  propeller  the  peripheral  speed  can  be  reduced  by  gearing  down, 
as  the  engine  speed  decreases  more  rapidly  than  the  propeller  diameter  increases.  In  the  wind 
tunnel,  it  has  just  been  shown  that  this  is  not  the  case,  and  that  the  peripheral  speed,  and  so 
the  stress,  actually  increases  if  the  propeller  diameter  is  enlarged  beyond  a  certain  point.  There 
is  then  a  clearly  defined  upper  limit  to  the  power  which  it  is  safe  to  apply  to  driving  the  pro- 
peller in  any  given  wind  tunnel,  and  therefore  a  limit  to  the  maximum  speed  attainable.  This 
maximum  can  only  bo  raised  by  reducing  the  losses  and  so  improving  the  over-all  efficiency 
of  the  plant. 

Since  the  power  required  to  secure  a  given  speed  with  a  given  "energy  ratio"  is  propor- 
tional to  the  cross-sectional  area  of  the  tunnel,  and  is  also  proportional  to  VN-D",  the  propellers 
in  a  series  of  tunnels  of  different  diameters  operating  at  the  same  speed  and  having  the  same 
"energy  ratio,"  all  work  at  the  same  value  of  N2D2,  and  so  of  the  peripheral  speed.  This  leads 
to  the  rather  astonishing  conclusion  that  the  peripheral  speed  necessary  to  produce  a  given 
air  speed  depends  only  on  that  air  speed  and  on  the  energy  ratio,  and  is  not  at  all  affected  by  the 
size  of  the  tunnel  or  of  the  propeller  (except  indirectly,  in  so  far  as  these  factors  have  an  effect  on 
the  energy  ratio).  For  any  value  of  the  energy  ratio,  then,  there  is  a  limiting  air  speed  which 
can  not  be  exceeded  without  running  the  peripheral  speed  up  beyond  the  limits  of  safety,  and 
this  speed  is  the  same  for  large  tunnels  as  for  small,  although  the  actual  power  consumed  of 
course  varies  with  the  tunnel  diameter.  In  order  to  realize  the  highest  possible  wind  speed  the 
power  coefficient  of  the  propeller  must  be  made  as  large  as  possible.  This  can  be  done  by  using 
many  blades  and  by  making  them  of  high-lift  sections  set  at  relatively  large  angles  of  attack. 
If  the  velocities  desired  are  too  high  to  be  obtained  in  this  way,  it  will  be  necessary  to  use  two 
or  more  propellers  arranged  in  tandem,  acting  like  a  multi-stage  compressor. 

It  has  been  shown  that 

and  also  thai 

where  the  subscripts  1  and  2  denote,  respectively,  the  conditions  existing  in  the  experimental 
Chamber  and  at  the  propaller,  and  AT,  and  K2  are  experimental  constants  depending  on  the 
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t3rpc  of  tunnel  and  propeller.  Since  Z),2  V,  =D22  V2,  if  the  velocity  across  the  exit  cone  at  the 
propeller  is  uniform,  the  first  of  these  relations  may  be  "written 

P~EtDt*VtVf. 

Dividing  this  by  the  second  of  the  relations  above, 


and 


ND 


\  _  I** 


The  ratio  of  the  air  speed  to  the  peripheral  speed  is  thus  a  constant  for  a  given  tunnel,  and 
its  value  for  any  particular  tunnel  depends  onl\-  on  the  type  of  installation—  not  at  all  on 
its  size. 

y 

Values  of         for  a  few  tunnels  are  tabulated  herewith: 


Name. 


Eiffel,  Auteuil  

1  .eland  Stanford,  Jr. . 
Lansley  Field,  model 

N.  P.  L.,  4-foot  

Curtiss,  4-foot  

Curtiss,  7-foot  

McCook  Field  


V,(m./sec). 

N  (r.  p.  s.). 

Di(m). 

V, 
ND,' 

31.8 

3.83 

3.80 

2. 18 

24.0 

G.  77 

3.  35 

1.06 

41.5 

68.3 

0.  G10 

1.00 

15.24 

22.5 

1  1.67G 

0. 40 

34.5 

22. 92 

2. 44 

0.  62 

42.8 

20.  00 

3.  66 

0.  58 

221.0 

29.  50 

1.52 

4. 92 

i  This  tunnel  was  square  and  the  ratio  of  V,  to  V%  is  therefore  equal  to  the  ratio  of  the  cross-soctiou  areas  and  not  to  that  of  the  squares  of 
diameters  at  the  minimum  section  and  at  the  propeller. 

Castellazzi's  experiments. 


Number  of  blades. 

Blade 
width, 
diameter. 

V,(m./sec.). 

N(r.  p.  s.). 

D,(m). 

V, 

NDi' 

21  

0. 0435 
.  0300 
.0650 
.0435 
.  0650 
.0650 

25.0 
25.0 
25.0 
25.0 
25.0 
25.0 

17.  25 
19.  17 
16.  67 
20.50 
19.  33 
22. 17 

0.  600 
.600 
.600 
.600 
.600 
.600 

2.41 
2. 17 
2.  50 
2.  03 
2.15 
1. 88 

24  

16  

12  

8  

y 

It  will  be  noted  that  the  highest  value  of         in  this  table,  with  one  exception,  is  2.50, 

and  this  value  was  obtained  in  a  tunnel  of  very  efficient  type  in  combination  with  a  propeller 

having  a  total  blade  widtli  equal  to  one-third  of  its  circumference.    Analysis  by  the  Drzewiecki 

y 

method  leads  to  the  belief  that  it  will  be  possible  to  raise        to  3,  but  that  this  figure  can  hardly 

be  exceeded  with  propellers  resembling  those  now  in  use.  The  exception  mentioned  above, 
the  small  tunnel  at  McCook  Field,  has  a  fan  of  special  type  and  will  be  discussed  later. 

If  the  allowable  peripheral  speed  be  taken  as  285  meters  per  second,  ND2  is  90.6  meters 

V 

per  second.    If        bo  assumed  to  be  3  the  limiting  value  for  V  is  271.8  meters  per  second, 

or  607  miles  an  hour.  This  is  a  considerably  higher  speed  than  has  yet  been  attained,  or  than 
is  ever  likely  to  be  desired  in  connection  with  the  study  of  aircraft.  If  higher  speeds  should 
be  needed  they  can  be  secured  cither  by  the  use  of  a  multiplicity  of  propellers  in  series  or,  up 
to  a  certain  point,  by  the  use  of  a  fan  with  an  abnormally  large  hub  and  short  blades  entirely 
Idling  the  periphery  of  the  hub,  as  in  the  McCook  Field  tunnel,1  where  the  hub  diameter  is 


'  Studies  in  high  speed  aerodynamic  phonomena,  by  F.  W.  Caldwell  and  E.  N.  Fales;  Automotive  Industries,  Aug.  28,  1919,  p.  422. 
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two-thirds  of  the  total  diameter.    If         is  raised  to  5,  a  value  only  a  little  higher  than  that 

in  the  McCook  Field  tunnel,  the  limiting  air  speed  for  the  peripheral  speed  given  above  is 
increased  to  453  meters  per  second,  or  1,012  miles  an  hour.1 

The  assumption  has  so  far  been  made  that  the  air  has  a  free  passage  across  the  whole  area 
swept  by  the  propeller.  Of  course  the  hub  always  blocks  off  a  part  of  this  area,  but  it  has 
usually  been  an  insignificant  fraction.    If  the  propeller  diameter  is  ;/  tinu  s  the  hub  diameti  r,  the 

proportion  of  the  area  blocked  off  is  \,  and  the  speed  of  the  air  across  the  propeller  blades, 

1 

assuming  a  uniform  distribution  everywhere  outside  the  hub,  is  increased  in  the  ratio  1. 

If  the  propeller  be  made,  as  is  the  common  practice,  with  a  constant  blade  width,  and  if  the 
lift  coefficient  be  assumed  constant  all  along  the  blade,  the  portion  of  the  total  thrust  given  by 
the  part  of  the  blade  inside  of  any  given  point  is  very  nearly  proportional  to  the  cube  of  the 
radius  at  that  point.  For  example,  one-eighth  of  the  thrust  would  be  given  by  the  inner  half 
of  the  blades  if  they  extended  clear  to  the  center,  with  no  hub  at  all.  The  use  of  a  hub,  or 
the  covering  up  of  part  of  the  blades  with  a  "spinner"  therefore  decreases  the  thrust  in  the 

ratio  1-  -j.    Since  useful  power  is  equal  to  the  product  of  the  thrust  by  the  speed  across 

7v 

the  propeller  disk,  the  net  change  in  power,  due  to  hub  or  spinner,  is 

1-i 

 ft3    na  —  1  1 

n3— n~  n2+n' 

1  n2 

The  increase  in  power  coefficient  by  the  use  of  a  spinner,  the  propeller  pitch  being  adjusted 
to  give  the  same  angle  of  attack  of  the  blades  with  as  without  the  spinner,  is  5  per  cent  for 
a  spinner  or  hub  one-quarter  the  diameter  of  the  propeller,  17  per  cent  when  the  ratio  is  one- 
half,  and  27  per  cent  when,  as  in  the  McCook  Field  tunnel,  it  is  two-thirds.  Furthermore,  the 
use  of  a  very  large  hub  makes  it  possible  to  use  more  blades  and  make  their  total  width  a  larger 
fraction  of  the  circumference  of  the  circle  swept  by  the  blades.  In  the  McCook  Field  fan  there 
are  24  blades,  and  their  total  width  is  approximately  equal  to  the  circumference  of  the  hub. 

Where  very  high  speeds  are  desired,  as  in  the  calihration  of  air-speed  meters,  a  throttling 
insert  has  sometimes  been  used  to  reduce  the  section  of  a  large  tunnel.  The  effect  is  to  increase 
the  speed,  but  usually  much  less  than  is  expected.  If  the  "energy  ratio"  remained  constant, 
halving  the  diameter  of  the  tunnel  would  increase  the  speed  available  with  a  given  expenditure 
of  power  by  59  per  cent.  A  change  of  this  sort  usually,  however,  diminishes  the  energy  ratio 
unless  the  tunnel  is  of  the  type  combining  a  long  straight  portion  with  conical  ends,  and  per- 
mitting of  the  extension  of  the  cones  hack  into  the  straight  cylindrical  part.  The  use  of  a  throt- 
tling insert  in  a  tunnel  with  a  short  experimental  chamber,  like  those  used  by  Eiffel  and  Crocco, 
is  almost  certain  to  lead  to  a  large  drop  in  energy  ratio,  and  the  increase  of  speed  by  halving  the 
diameter  in  such  a  laboratory  would  probably  be  less  that  50  per  cent.  Furthermore,  it  is 
necessary  for  best  results  tha  t  the  propeller  ordinarily  used  he  replaced  by  one  especially  designed 
for  use  in  conjunction  with  the  throttling  insert.  If  the  diameter  of  the  tunnel  be  halved  the 
area  at  the  smallest  section  is  divided  by  four,  and,  even  with  an  increase  of  59  per  cent  in  speed 
at  the  throat  or  in  the  experimental  chamber,  the  speed  of  the  air  past  the  propeller  is  reduced 
by  60  per  cent.  Since  the  propeller  diameter  and  its  normal  rotational  speed  to  develop  the 
rated  power  are  unchanged,  the  propeller  for  use  with  the  throttling  insert  must  have  a  much 
smaller  effective  pitch  than  that  employed  with  the  full  section,  if  the  maximum  of  efficiency  is 
to  bo  obtained. 


'  la  this  analysis  tho  chanso  of  dousity  of  the  air,  due  to  decrease  of  static  pressure  with  increasing  speod,  is  neglected.  This  does  not  lead 
to  a  very  line  error,  as  both  the  propeller  thrust  and  the  frictional  resistance  to  tho  passage  of  the  air  increaso  with  tho  air  density,  the  former 
varying  more  rapidly  than  the  latter. 
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RELATIVE  ADVANTAGE  OF  SMALL  AND  LARGE  TUNNELS. 

It  has  just  been  shown  that  the  gain  in  speed  by  reducing  the  diameter  by  the  use  of  a 
throttling  insert  is  disappointingly  small.  This  leads  naturally  to  a  study  of  the  best  size  of 
wind  tunnel  to  be  employed,  and  of  the  relation  between  speed  ami  size  which  should  be  sought. 

In  the  construction  of  aerodynamical  laboratories,  as  the  attempt  has  been  made  to  approach 
ever  more  nearly  to  full-flight  conditions,  two  divergent  schools  of  practice  have  grown  up.  The 
first,  best  represented  by  the  National  Physical  Laboratory  in  England,  has  constantly  increased 
the  diameter  of  the  wind  stream,  and  so  increased  the  size  of  model  which  may  be  tested,  but  has 
remained  content  with  relatively  moderate  wind  speeds.  The  second,  on  the  other  hand,  has 
concentrated  its  efforts  on  the  pumping  of  the  air  across  a  small  section  at  enormous  velocity. 

In  comparing  the  merits  of  the  high  speed  and  the  large  diameter  tunnels,  there  are  three 
points  which  must  be  borne  in  mind.  In  the  first  place,  the  highest  possible  value  of  LV  (LV 
being  the  criterion  of  dynamic  similarity)  is  to  be  obtained  with  a  minimum  expenditure  of 
power.  Secondly,  the  interference  between  the  model  and  its  support  is  to  be  reduced  to  a 
minimum,  and,  finally,  that  disposition  should  be  favored  which  enables  us  to  secure  the  greatest 
accuracy  in  the  construction  of  the  models. 

It  has  been  shown  that 

P=  KAV3^  K^V3 

where  D  is  the  diameter  of  the  tunnel  and  7T,  is  a  constant. 

In  order  to  avoid  interference  between  the  model  and  the  walls  of  the  tunnel,  the  ratio  of 
maximum  span  to  tunnel  diameter  must  not  exceed  a  certain  value  (usually  about  0.4).  Setting 
L,  the  span  of  the  model,  proportional  to  D,  we  can  then  modify  the  above  equation: 

P=  KJ?V3  = 

The  power  required  to  drive  the  fan  will  therefore  be  least,  for  any  given  value  of  LV,  in  that 
tunnel  where  the  diameter  is  largest  and  the  speed  is  smallest. 

The  relative  magnitude  of  the  interference  between  the  model  and  its  support,  the  so-called 
"spindle  effect"  depends  on  the  ratio  of  the  spindle  diameter  to  the  linear  dimensions  of  the 
model.  Its  reduction  is  a  matter  of  very  vital  importance,  the  spindle  correction  undoubtedly 
being  the  largest  single  source  of  error  in  most  wind-tunnel  tests. 

The  bending  moment  in  the  spindlo  at  any  point  (say  one  chord  length  from  tho"wing  tip) 
is  proportional  to  the  product  of  the  span  by  the  force  acting  on  the  model. 

M-  CtLF-  C2L(L2  P)  =  C2L3  V. 

If  d  is  the  diameter  of  the  spindle,  tho  relations  between  bending  moment,  fiber  stress,  and 
deflection  raav  be  written: 

r_Mc_CJJV2 
J  ~%  ~~  d* 

no?  cjsv* 
'J~ctEr  <z«  ' 

if  tho  material  of  the  spindle  be  the  samo  in  all  cases. 

If  the  maximum  fiber  stress  be  limited  to  a  definite  value. 

(0-f 

The  ratio  of  spindle  diameter  to  model  size,  and  consequently  the  spindle  interferences  will 
therefore  be  greatest  in  the  high-speed,  small,  diameter  tunnel. 
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If,  as  is  usually  the  case,  it  is  stiffness  and  not  strength  which  prescribes  the  diameter  of 
the  spindle,1  and  if  the  deflection  be  limited  to  a  determined  value,  the  required  spindle  size  is 
given  by  the  equation: 

W  V 

j  =  Ctx(LV)*x  P*. 

For  u  given  value  of  LV,  then,  jr  will  be  least  when  the  speed  is  low  and  the  tunnel  diameter 

large.  The  advantage  of  the  largo  tunnel  on  this  score  is  even  greater  than  appears  at  first, 
as  a  larger  spindle  deflection  is  permissible  with  n  large  tunnel  than  with  a  small  one.  In  fact, 
the  permissible  deflection  increases  nearly  as  rapidly  as  docs  the  tunnel  diameter. 

In  respect  of  the  fchi"d  consideration,  accuracy  of  construction  of  the  model,  the  superiority 
of  the  large  tunnel,  permitting  the  use  of  a  large  model,  is  so  manifest  as  hardly  to  call  for  dis- 
cussion. A  model  of  3-foot  span  can  include  many  paits,  such  as  fittings  and  wires,  which  it  is 
quite  hopeless  to  put  on  ono  of  half  that  size. 

So  far,  tlie  advantage  has  rested  with  the  large  diameter  in  every  particular.  It  has  one 
disadvantage  in  that  the  size  and  weight  of  the  balance  are  much  increased,  longer  Weighing 
arms,  heavier  counterweights,  and  a  general  strengthening  up  of  the  apparatus  are  necessitated. 
Furthermore,  the  initial  cost  of  the  building  to  house  a  large  tunnel  is  very  high.  In  the  writer's 
opinion,  however,  the  advantages  far  outweigh  the  drawbacks,  and  any  future  development  of 
wind  tunnels  for  model  testing  should  proceed  along  the  lines  of  increasing  the  diameter  rather 
than  the  speed. 

All  that  lias  been  said  against  high  speeds  applies,  of  course,  only  to  tunnels  for  the  testing 
of  models.  Speeds  equal  to  the  speeds  of  flight  of  airplanes  are  essential  for  the  calibration  of 
instruments. 

DESIGN  OF  WIND  TUNNEL  PROPELLERS  BY  THE  DRZEWIECKI  THEORY. 

It  is  possible,  if  the  rate  of  flow  of  the  air  througha  wind-tunnel  propeller  be  known,  to  predict 
the  performance  of  thepropeller  by  (he  Drzewiecki  theory.  Indeed,  theapplication  of  that  theory 
to  wind-tunnel  propellers  is  rather  simpler  than  its  application  to  the  airplane,  as  there  is  no 
in-draught  correction  to  contend  with.  If  the  velocity  at  the  minimum  section  of  the  tunnel  is 
given,  the  velocity  through  the  propeller  can  be  computed  with  absolute  accuracy  on  the  assump- 
tion that  the  distribution  across  the  exit  cone  is  uniform.  This  assumption  can  only  justify 
itself  in  the  results  of  the  analysis  derived  from  it  as  a  basis. 

The  best  way  of  checking  the  accuracy  of  the  analytical  method  of  design  is  to  apply  it 
to  a  propeller  already  working  satisfactorily.  This  has  been  done  with  the  propeller  used  in  the 
model  wind-tunnel  experiments  described  in  a  later  section  of  the  report.  The  ansle  of  the  rel- 
ative wind  to  the  plane  of  the  propeller  can  be  computed  from  the  wind  speed,  and  it  is  then  pos- 
sible, knowing  the  angles  of  blade  setting,  to  work  back  and  find  the  angle  of  attack  of  each 
blade  element.  Having  this,  the  power  consumed  by  the  propeller  and  its  efficiency  can  be 
found  in  the  usual  way.  This  was  done  for  two  cases.  In  the  first  case  the  tunnel  was  of  the 
Eiffel  type,  with  an  enlarged  experimentnl  chamber,  and  the  calculated  power  checked  the 
actual  consumption  within  the  cxpeiimental  error  (about  2  per  cent,  owing  to  uncertainty  as  to 
motor  losses).  In  the  second  case  the  air  stream  was  inclosed  throughout,  a  cylindrical  tube 
being  carried  across  the  experimental  chamber,  and  the  power  consumed  was  about  15  per  cent 
more  than  that  calculated.  It  is  considered  that  both  of  these  tests  showed  a  very  fair  chock 
and  that  the  use  of  the  Drzewiecki  theory  for  design  is  amply  justified.  The  average  error, 
both  in  these  and  in  other  cases  which  have  been  tried,  is  in  the  direction  of  underestimation  of 
the  power  consumption. 


'Tbo  effect  of  spindle  deflection  on  the  aJoura.'y  of  measurements  Is  discussed  in  Report  So.  72,  on  Wind  Tunnel  Balances. 
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In  designing  a  propeller  for  a  new  tunnel  it  is  necessary  to  make  an  estimate  of  the  energy 
ratio,  and  so  of  the  speed  for  a  given  power.  If  the  estimate  is  too  low,  the  propeller  pitch  will 
be  made  too  low,  and  the  propeller  will  work  at  an  inefficiently  small  angle  of  attack.  The 
speed  will  be  higher  than  that  estimated,  but  still  not  so  high  as  it  would  be  with  a  proper 
propeller.  If  the  propeller  blades  are  made  too  narrow,  or  if  too  few  blades  are  used,  the  full 
power  of  the  motor  will  not  be  absorbed  at  the  rated  revolutions  per  minute.  The  speed  will 
then  fail  to  reach  the  value  expected  for  the  rotational  speed  realized,  the  angle  of  the  relative 
wind  to  the  plane  of  the  propeller  will  fall  below  the  estimated  value,  and  the  angle  of  attack 
of  the  blade  elements  will  become  inefficiently  large.  Any  change  of  this  sort  from  the  designed 
conditions  of  operation  tends  to  correct  itself,  as  the  larger  angle  of  attack  increases  the  power 
consumed  and  the  thrust  given  by  the  propeller.  This  in  turn  speeds  up  the  air  and  brings  the 
angle  of  attack  to  a  lower  value.    It  is  for  this  reason  that  fairly  satisfactory  results  have  so 

ftequently  been  secured  with  propellers  chosen  almost 
at  random,  but  the  best  efficiencies  can  only  be  ob- 
tained with  a  propeller  designed  especially  for  the 
conditions  under  which  it  is  to  operate.  The  com- 
monest faults  in  the  design  of  wind-tunnel  propellers 
have  been  either  to  overestimate  the  energy  ratio  for 
a  projected  tunnel  or  to  underestimate  the  total  blade 
width  required  for  the  absorption  of  the  given  power 
at  the  most  efficient  angle  of  attack.  The  result  in 
both  cases  is  to  cause  the  blades  to  work  at  too  large 
an  angle  of  attack. 

There  is  some  doubt  as  to  the  manner  in  which  the 
angle  of  attack  should  vary  along  the  blades.  Most 
wind-tunnel  propellers  in  which  the  Drzewiecki  system 
was  used  at  all  have  been  designed  for  a  constant  angle 
of  attack,  but  since,  as  was  just  noted,  the  propellers 
have  usually  been  made  too  small  to  absorb  the  full 
power  of  the  motor,  they  actually  work  at  an  angle 
of  attack  larger  than  that  desired  and  increasing  from 
the  tip  to  the  root  of  the  blade.  In  the  design  of  a  pro- 
peller for  the  Langley  Field  wind  tunnel  the  oppo- 
site disposition  has  been  deliberately  chosen,  the  angle 
of  attack  being  made  largest  near  the  tips  and  de- 
•'       2      3  v   4       s      6       7    creased  toward  the  hub  in  order  that  the  air  may  be 

drawn  out  alon"  the  sides  of  the  exit  cone  and  in  order 

Fig  l 

that  the  larger  part  of  the  thrust  may  come  on  the  most 
ellicient  portion  of  the  blades.  No  experimental  data  on  the  effect  of  Lais  arrangement  of  the 
blade  sections  are  available  as  yet. 

In  order  to  make  it  easy  to  estimate  the  number  of  blades  and  the  blade  width  required 
in  a  propeller  for  a  tunnel,  assuming  that  the  wind  speed,  power  consumption,  and  revolutions 
per  minute  are  known,  a  number  of  propellers  have  been  computed  for  a  variety  of  conditions 
and  the  results  expressed  by  a  formula  and  a  curve.    The  power  is  given  by  the  formula 

VxbxD3xN2Xn 
CxlO* 

where  P  is  the  horsepower  input  of  the  motor,  V  the  air-speed  through  the  propeller  in  meters 
per  second  6  the  blade  width  in  centimeters,  N  the  revolutions  per  minute,  n  the  number  of 
blades,  D  the  propeller  diameter  in  meters,  and  C  a  constant,  the  magnitude  of  which  depends 

y 

on  the  pitch  of  the  propeller.    C  is  plotted  against  -r^-  in  figure  I.    If  English  units  be  used. 
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V  being  given  in  miles  an  hour,  D  in  feet,  and  b  in  inches,  a  factor  109  replaces  10s  in  the  denomi- 
nator of  the  power  formula  given  above,  and  C  is  given  by  the  dotted  curve  in  figure  1.  The 
theoretical  basis  for  the  derivation  of  this  formula  is  the  same  as  that  for  a  formula  derived 
by  the  writer,  and  previously  published,1  for  the  power  consumption  of  airplane  and  airship 
propellers. 

The  efficiency  of  wind-tunnel  propellers  is  usually  very  low,  and  the  maximum  attainable 
depends  largely  on  the  magnitude  of  the  pitch  ratio.  In  the  propeller  designed  for  the  Langley 
Field  tunnel  the  calculated  efficiency  is  58  per  cent.    In  figure  2,  probable  propeller  efficiencies 

have  been  plotted  against  ^  •    The  efficiencies  there  predicted  may  be  exceeded  when  the 

peripheral  speed  is  low,  so  that  thin  sections  can  bo  used  over  the  whole  length  of  the  blade, 
or  when  a  very  large  hub  or  spinner  is  used  to  cover  up  the  less  efficient  parts.    In  order  to 

give  an  idea  of  the  range  of  values  of  ^  employed  in  successful  tunnels,  a  few  are  tabulated 

below,  the  data  being  taken  from  the  table  under 
"Laws  of  Similitude  for  Wind  Tunnel  Propellers". 


Leland  Stanford.  Jr  0  2G5 

N.  P.  L.:  4-foot  27 

Curtiss,  4-foot  20 

Curtiss.  7-foot  20 

Langley  Field  model  25 

MeCook  Field  48 


THE  FORMS  OF  ENTRANCE  AND  EXIT  CONES. 

There  has  been  a  great  deal  of  discussion  and  dis- 
pute as  to  the  best  form  for  the  cones  in  which  the  air 
acquires  and  loses  its  speed,  and  further  experiment 
is  desirable.  The  effect  which  changes  in  the  form 
of  these  cones  have  on  the  efficiency  is,  however,  much 
less  than  has  commonly  been  supposed,  judging  from 
experiments  recently  performed  at  Langley  Field 
and  reported  in  another  part  of  this  paper. 

In  the  absence  of  data  to  indicate  the  best  form, 
most  of  the  wind  tunnels  which  have  been  constructed 
have  used,  at  least  on  the  exit  side  of  the  experi- 
mental chamber,  the  frustrum  of  a  right  cone  gen- 
erated by  a  straight  line.  This  was  true  of  the  N.  P. 
L.  and  all  their  imitators,  and  it  has  been  true  also  of 
most  of  the  tunnels  designed  with  an  eye  to  the  results 
of  the  experiments  of  Crocco  and  Castellazzi,  and  using 
long  exit  cones  of  very  gradual  slope.    A  surface  of 

this  type  has  at  least  the  advantage  of  being  easy  to  generate  and  to  fabricate  from  wood  or 
sheet  metal.  There  is,  however,  no  particular  reason  to  believe  that  it  is  the  most  efficient 
that  can  be  constructed  from  an  aerodynamical  point  of  view.  Eiffel  and  his  followers,  on  the 
other  hand,  have  always  used  cones  of  curving  form.  It  seems  fair  to  assume  that  the  loss  in 
diverging  nozzle  is  partially  dependent  on  the  deceleration  of  the  fluid,  and  that  the  loss  will 
usually  be  least  where  the  deceleration  is  least.  It  is  obvious,  furthermore,  that  the  flow  through 
the  exit  cone  will  be  smoothest  and  least  turbulent  when  the  form  of  the  cone  is  smooth,  and 
that  any  abrupt  change  of  slope  of  the  walls,  such  as  that  at  the  juncture  of  the  parallel  portion 
of  the  tunnel  with  an  exit  cone  generated  by  a  straight  line,  is  liable  to  cause  the  lines  of  flow 
to  break  away  from  the  contour  of  the  tunnel  wall,  and  to  establish  a  region  of  "dead-water " 


of 
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and  turbulence  around  the  periphery  of  the  exit  cone.  The  smoothness  of  a  curve  can  best 
be  judged  by  taking  differences  or,  if  the  equation  of  the  curve  is  known,  by  plotting  the  deriva- 
tives. This  was  done  in  designing  the  cones  for  the  Lei  and  Stanford,  Jr.,  tunnel.1  The  (dotting 
of  the  curve  of  acceleration  for  a  tunnel  will  then  serve  the  double  purpose  of  indicating  the 
smoothness  of  the  curve  and  of  giving  the  maximum  rate  at  which  the  velocity  of  the  air  is 
changing,  and  so  the  maximum  force  necessary  for  accelerating  the  moving  stream. 

A  curve  of  velocity  against  distance  along  the  axis  of  the  tunnel  can  be  drawn  on  the 
assumption  that  velocity  is  inversely  proportional  to  the  square  of  the  diameter  of  the  tunnel. 
This,  of  course,  is  true  only  for  velocity  parallel  to  the  axis,  and  entirely  neglects  the  radial 
component.  In  order  to  obtain  the  acceleration  from  this  curve,  the  derivative  giving  accelera- 
tion is  written 

dv  _dv  dx_  dv 
dt~dx    dt~v  X  dx 

The  acceleration  at  any  point  along  the  tunnel  is  therefore  equal  to  the  product  of  the 
ordinate  of  the  curve  just  described  by  its  slope  at  that  point.  These  factors  can  be  found 
graphically  or,  in  the  case  of  a  curve  for  which  the  equation  is  known,  analytically. 

Tn  the  case  of  a  straight  cone,  for  example,  the  formula  for  diameter  at  any  point  is 

D  =  Dl  +  (D,-I),)XXl 

where  Dl  and  Z>2  are  the  diameters  at  the  small  and  large  ends  of  the  cone,  respectively,  I  the 
length  of  the  cone,  and  x  the  distance  from  the  small  end.  Then 

D  2 

v  =vl  X 

and 


y=^X^=V'X[D1+^(Z>2-A)J 


dvs  --^xzvx^r 

dx~ 


The  acceleration  is  equal  to  the  product  of  these  expressions,  or 

dv  =  -  2V,2  X  ZVX  (7>, --P.) 
dl  Zx^.  +  Jx^-Z?,)]' 

If  the  exit  cone  is  generated  by  rotating  about  the  axis  of  the  tunnel  a  parabola  having  its 
vertex  at  the  junction  of  the  exit  cone  with  the  straight  portion  the  formula  for  diameter  of 
the  cone  at  any  point  becomes 

D  =  D1  +  0)'x(^-Z>1) 

The  acceleration  may  then  be  obtained  by  the  same  steps  just  employed  for  the  straight  cone. 

Pi 


v=v,  X 


dv_  D-  2xX<J>t~Dt) 

dv=  -4v,2'xD,*XxX(D2-Dl) 
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Tn  figure  3,  the  velocity  and  acceleration,  as  well  as  the  cone  diameter,  are  plotted  against  x 
for  cones  of  those  two  forms.  The  units  are  motors  and  seconds,  and  fhoourves  relate  to  a  funnel 
having  an  exit  cone  tapering  in  diameter  from  1.5  meters  to  3  meters  in  a  length  of  (i  meters,  and 
a  wind  speed  of  50  meters  per  second.  It  appears  that  the  straight  cono  is  far  inferior,  judged 
l>y  the  criteria  laid  down  above,  to  that  of  parabolic  form.  The  maximum  acceleration  for  the 
lirst  is  more  than  two  and  a  half  limes  that  for  the  second,  and  there  is  a  large  discontinuity  in 
the  acceleration  curve  for  the  straight  cone, 
as  might  be  anticipated  from  the  disconti- 
nuity in  the  slope  of  the  sides  of  the  tunnel. 
The  parabolic  form  gives  zero  acceleration 
at  the  juncture  of  the  exit  cone  with  the  ex- 
perimental chamber,  and  tins  is  very  desir- 
able, but  it  does  not  give  a  zero  acceleration 
at  the  point  where  the  air  emerges  from  the 
exit  cone.  There  is  some  question  as  to  the 
desirability  of  using  a  reverse  curve  which 
will  have  tangents  parallel  to  the  axis  of  the 
tunnel  at  both  its  ends,  and  so  securing  zero 
acceleration  at  both  ends  of  the  exit  cone. 
The  air  has  to  be  slowed  down  some  time, 
and  there  would  seem  to  be  little  advantage 
in  bringing  it  to  a  constant  velocity  as  it 
leaves  the  retaining  walls  of  the  exit  cone  if 
it  is  to  be  decelerated  again  the  instant  that 
it  is  free  from  those  walls.  Also,  the 
current  of  air,  since  it  is  to  be  turned 
through  an  angle  of  ISO0  and  travel  back  through  the  room  to  the  entrance  of  the  tunnel,  must 
acquire  a  radial  velocity  cither  inside  the  exit  cone  or  immediately  after  it  has  left  it.  Xo  gain 
is  apparent  from  a  construction  which  permits  the  air  to  acquire  a  certain  amount  of  radial 
velocity  and  then  straightens  it  out  again,  only  to  force  it  to  turn  outwards  once  more  a  few 
feet  farther  along  its  path.  The  effect  of  a  reversal  in  the  curve  of  the  walls  near  the  large  end 
of  the  exit  cono  is  certainly  slight,  as  very  good  results  have  been  obtained  both  with  and  with- 
out such  a  reversal. 

The  form  of  the  entrance  cone  appears  to  havo  but  little  effect  on  the  '"energy  ratio,"  and 
this  is  In  accord  with  the  results  of  hydraulic  experiments,  where  it  is  always  found  that  the  loss 


Fig.  3.— Velocities  and  accelerations  of  fluid  in  exit  cones. 


Fio.  4.— Fairing  of  entrance  to  X.  P.  L.  tunnel.  Fig.  5,— Proposed  lairing  of  entrance  cone. 


in  a  converging  nozzle  is  much  less  than  that  in  a  diverging  one,  and  that  the  nozzle  can  eon- 
verge  very  abruptly  without  seriously  increasing  the  loss.  Most  of  the  European  experiments 
on  model  tunnels  have  beep  made  with  straight  entrance  cones.  While  these  are  probably  as 
efficient  as  any  other  type,  they  must  have  a  vena  eontracta  near  the  large  end,  causing  turbu- 
lence which  persists  into  the  experimental  chamber,  and  there  is  further  eddying  and  disturb- 
ance due  to  the  turning  of  the  air  around  a  sharp  corner  at  the  small  end  of  the  cone.    To  avoid 
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these  difficulties  and  to  secure  as  steady  a  flow  as  possible  in  the  experimental  chamber  it  is 
the  almost  universal  practice,  in  actual  tunnels,  to  make  the  entrance  cone  of  curving  form.  It 
has  been  found  at  the  National  Physical  Laboratory  that,  even  if  the  entrance  cone,  or  bell- 
mouth,  as  it  is  called  there,  is  curved  around  until  a  tangent  to  the  wall  at  the  large  end  is  per- 
pendicular to  the  axis  of  the  tunnel,  there  still  are  marked  and  persistent  eddies  in  the  neighbor- 
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Fio.  6.— Fercentage  losses  in  exit  cones  ol  various  forms. 

hood  of  the  sharp  edge.  To  entirely  eliminate  this  edge  it  is  now  the  practice  at  the  N.  P.  L. 
to  carry  the  bell-mouth  around,  as  shown  in  figure  4,  untd  it  meets  the  straight  portion  of  the 
tunnel.  This  method  has  not  been  adopted  at  Langley  Field,  as  it  is  desired  to  make  some 
experiments  on  the  full-sized  tunnel  with  the  normal  entrance  cone,  but  provision  has  been 
made  for  building  a  fairing  to  extend  clear  around  to  the  experimental  chamber,  as  shown  by 
the  dotted  lines  in  figure  5,  so  giving  the  air  a  perfectly  smooth  passage. 
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THE  THEORY  OF  LOSSES  IN  THE  EXIT  CONE. 

The  losses  in  the  exit  cone  of  a  wind  tunnel  arise  from  three  sources.  The  first  is  the  fric- 
tion against  the  walls,  and  is  best  determined  by  Fritzsche's  formula  for  fluid  friction.  The 
second  is  the  diverging  angle  of  the  cone,  which,  as  already  noted,  always  leads  to  a  loss  of 
energy  as  compared  with  the  ideal  conditions  expressed  by  Bernouilli's  theorem.  The  magni- 
tude of  this  loss  is  determined  with  satisfactory  accuracy  by  a  formula  devised  In*  Fliegner. 
Finally,  there  is  a  loss  due  to  the  sudden  release  of  the  air  from  the  exit  cone  and  its  passage  into 
the  room,  where  its  velocity  drops  almost  to  zero.  This  loss  was  shown  by  Borda  to  be  equal 
to  the  kinetic  energy  possessed  by  the  air  at  the  largo  end  of  the  cone.  These  losses,  and  their 
relation  to  the  factors  entering  into  wind  tunnel  design,  together  with  all  the  losses  in  other  parts 
of  the  tunnel,  have  been  fully  discussed  by  EilTel,1  and  it  is  not  necessary  to  repeat  his  work  here. 
For  the  benefit  of  those  designing  tunnels,  however,  a  set  of  curves  has  been  plotted  which 
make  it  possible  to  read  off  at  once  the  loss  in  a  straight  conical  exit  cone  of  any  type  and  to 
determine,  given  the  limiting  conditions,  such  as  size  of  building  to  house  the  tunnel,  the  char- 
acteristics of  the  best  exit  cone  for  that  particular  case.  Since  from  80  per  cent  to  90  per  cent 
of  the  total  losses  in  a  tunnel  (not  including  those  in  the  propeller)  occur  in  the, exit  cone  the 
problem  of  designing  a  tunnel  with  a  high  energy  ratio  is  essentially  a  problem  of  reducing  the 
losses  in  the  exit  cone. 

In  figure  fi  the  ordinatcs  are  the  vertex  angles  of  exit  cones,  the  abscissae  the  ratio  of  the 
cross-section  ar„ea  at  the  large  end  of  the  cone  to  the  cross-section  area  where  models  arc  tested, 
at  the  throat  or  in  the  experimental  chamber.  The  family  of  curA'es  drawn  in  full  lines  are 
curves  of  equal  loss,  and  the  number  which  each  one  bears  exoresscs  the  loss  in  the  exit  cone  as 
a  percentage  of  the  kinetic  energy  possessed  by  the  air  at  the  smallest  section  of  the  tunnel. 
For  example,  if  there  wero  no  losses  except  those  in  the  exit  cone,  a  tunnel  having  an  exit  cone 
of  form  corresponding  to  any  point  on  the  curve  marked  20  would  have  an  energy  ratio  of  5. 
The  nearly  straight  dotted  lines  running  across  the  sheet  diagonal!}'  correspond  to  various 
constant  lengths  of  exit  cone,  and  they  are  marked  with  the  ratio  of  length  to  diameter  at  the 
small  end. 

To  illustrate  the  use  of  this  chart  in  choosing  an  exit  cone  a  few  illustrative  examples  will 
be  given. 

1 .  A  tunnel  is  to  be  2  meters  in  diameter.  In  order  to  keep  the  size  and  cost  of  the  building 
within  reasonable  limits,  it  is  desired  that  the  length  of  the  exit  cone  shall  not  exceed  20  meters. 
Subject  to  this  limitation,  the  cone  is  to  be  chosen  for  maximum  efficiency. 

The  ratio  of  length  to  diameter  here  is  10.  Passing  along  the  dotted  line  bearing  that 
number,  it  is  seen  that  it  cuts  the  curve  of  16  per  cent  loss  at  two  points  and  that  it  does  not  cut 
the  14  per  cent  curve  at  all,  but  that  it  approaches  nearest  to  the  latter  at  the  point  (a  =  6.8°, 
n  =  4.8).  It  is  usually  best  to  make  n  a  little  smaller  than  the  value  for  minimum  loss  in  the 
exit  cone,  as  a  reduction  in  n  is  a  reduction  in  the  diameter  at  the  large  end  of  the  cone  and  so 
in  the  propeller  diameter,  and  it  has  already  been  shown  that  this  is  favorable  to  propeller 
efficiency.  It  would  probably  be  best,  in  this  case,  to  take  n  =  4.3,  a  =  6.1°,  or  some  other 
combination  in  that  immediate  neighborhood. 

2.  A  very  large  tunnel  is  to  be  built,  and,  in  order  that  the  propeller  diameter  may  not  be 
unreasonably  large,  as  well  as  to  keep  down  the  height  of  the  building,  the  propeller  diameter  is 
limited  to  twice  the  diameter  of  the  tunnel  at  the  minimum  section. 

If  the  ratio  of  diameters  at  the  ends  of  the  exit  cone  is  2,  n  =  4.  Drawing  a  vertical  from 
the  scale  of  abscissa?  at  this  point,  it  is  seen  that  it  approaches  nearest  to  the  14  per  cent  curve 
at  (a  =  4.5°).  The  length  of  the  exit  cone  for  this  angle  is  13  times  the  minimum  diameter.  It 
would  not  be  advisable,  under  these  conditions,  to  choose  the  cone  for  the  absolute  maximum 
of  efficiency,  as  the  length  could  be  decreased  4£  diameters  at  a  cost  of  only  5  per  cent 
increase  in  the  total  power  by  increasing  a  to  6.7°.    Since  the  curvature  of  the  constant 
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power  curves  is  not  abrupt  the  conditions  can  be  changed  considerably  from  those  for  minimum 
loss  without  very  much  affecting  the  dlicicncy,  and  it  is  almost  always  worth  while  to  make 
some  concession  of  efficiency  in  order  to  reduce  the  dimensions  of  the  building  and  of  the  tunnel 
itself. 

EXPERIMENTS  ON  MODEL  WIND  TUNNELS. 

The  lirst  set  of  experiments  conducted  dealt  with  a  model  of  the  wind  tunnel  for  Langle\ 
Field,  as  it  was  originally  planned.  The  tunnel  was  of  the  Eiffel  type,  with  a  large  experimental 
chamber,  and  this  chamber  was  reproduced  to  the  proper  scale  in  the  model.  All  of  the  models 
used  were  one-fifth  the  size  of  the  large  tunnel,  the  experimental  chamber  being  30.5  cm.  in 
diameter  in  the  models.  The  entrance  and  exit  cones  were  made  of  plaster  over  a  base  of  wall- 
board,  and  were  shellaced,  so  that  a  very  smooth  surface  was  secured.  The  plaster  was  scraped 
to  form,  as  soon  as  it  is  set,  with  a  steel  template  rotated  about  a  shaft  running  along  the  axis 
of  the  tunnel.  An  exit  cone  is  shown,  with  the  template  in  place  and  ready  to  apply  the  plaster, 
in  figure  7.  The  drive  was  by  belt  from  a  2-horsepower  induction  motor,  and  the  propeller  was 
four-bladed.  The  blades  had  a  constant  width  of  4.5  cm.  The  speed  of  the  propeller  was 
measured  with  a  Veeder  liquid  tachometer,  and  the  power  consumption  with  a  polyphase  watt- 
meter. The  tunnel  and  instruments  ready  for  use  are  shown  from  two  points  of  view  in  ligures 
8  and  9,  the  propeller  in  figure  10.  Figure  11  illustrates  the  Pitot  tube  used  for  measuring  the 
wind  speed.  A  hole  1  mm.  in  diameter  is  bored  in  the  tapering  end,  and  communicates  with 
one  of  the  two  hypodermic  tubes  passing  down  the  shank.    The  static  pressure  is  secured  inside 

a  hole  2.5  mm.  in  diameter  drilled  from  the  other  end  of  the  tube, 
and  this  hole  communicates  with  the  other  hypodermic  tube.  The 
piece  between  the  two  hypodermic  tubes  is  a  solid  rod  to  provide 
stiffness.  Since  the  static  pressure  aperture  points  to  the  rear,  the 
pressuro  in  that  side  of  the  gauge  is  less  than  the  true  static,  and 
(he  readings  arc  higher  than  they  theoretically  should  be.  The  tube 
was  calibrated  against  a  standard  Pitot  in  the  wind  tunnel  of  the 
Bureau  of  Standards,  and  was  found  to  have  a  constant  of  1.167 
F'°-  Vne-I'wlthtaenun^s^'  0-  £  the  readings  of  the  small  Pitot  tube  were  16.7  per  cent  higher 

than  they  theoretically  should  have  been).  This  Pitot  tube  was 
very  insensitive  to  rotations  in  all  planes,  as  it  could  be  turned  20°  without  affecting  the  reading 
more  than  8  per  cent.  This  is  a  great  advantage  where,  as  in  traversing  the  cones,  the  direction 
of  flow  of  the  air  is  uncertain.  The  dynamic  head  on  the  Pitot  tube  was  measured  by  an  alcohol 
gauge,  shown  in  figure  12.  Only  one  side  of  the  gauge  is  ordinarily  used.  Since  the  glass  tube 
is  raised  and  lowered  by  a  micrometer  screw  so  that  tho  meniscus  of  the  alcohol  stands  opposite 
the  same  mark  on  the  tube  for  each  reading  there  are  no  corrections,  such  as  arc  required  in  the 
ordinary  Krcll  manometer,  for  varying  diameter  of  the  glass  tube  or  for  changing  level  of  the 
fluid  in  the  reservoir. 

The  mode  of  procedure  in  each  complete  test  was  to  make  traverses  of  the  entrance  and 
exit  cones  and  the  experimental  chamber  at  several  points,  measuring  the  wind  speed  at  several 
radii,  and  then  to  make  runs  at  a  number  of  different  speeds,  measuring  the  wind  speed  at  the 
point  where  a  model  would  be  placed  for  test  and  the  power  consumption.  The  energy  ratio 
and  the  manner  of  its  variation  with  speed  was  determined  from  this  set  of  runs. 

The  traverses  for  the  original  model  arc  plotted  in  figure  13.  The  points  A  and  B  were  in 
the  entrance  cone,  A  being  at  the  large  end  of  tho  cone,  B  midway  between  the  ends.  C  was  in 
the  experimental  chamber,  5  cm.  from  the  entrance  cone  side.  D  was  20  cm.  downstream 
from,  the  entrance  cone  and  2? was  46  cm.  from  the  entrance  cone,  15  cm.  from  the  exit.  F, 
G,  and  //  were  in  the  exit  cone,  and  were  equally  spaced  along  its  length,  //  being  in  front  of  the 
propeller  and  as  close  as  it  could  be  placed  without  danger  of  having  the  tube  struck  by  the 
blades.  The  exit  cone  in  this  model  was  parabolic  in  form.  The  location  of  the  point  D 
corresponded  to  that  at  which  the  model  is  to  be  placed  in  the  full-sized  tunnel. 

The  speed  in  the  entrance  cone  had  a  maximum  at  the  center  and  one  near  the  wall,  the 
one  near  the  wall  being  higher  than  that  in  the  center.    Tho  maximum  occurred  within  2  cm. 


FIG.  10. 


FIG.  12. -MANOMETER  FOR  MEASURING  AIR  SPEED  IN  WIND  TUNN 
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of  the  wall.  On  going  still  farther  out  the  speed  dropped  rapidly,  due  to  friction.  The  velocity 
in  the  experimental  chamber  near  the  entrance  cone  was  constant,  as  nearly  as  could  be  detected, 
over  90  per  cent  of  the  diameter  of  the  stream.    On  going  farther  downstream  the  velocity 
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distribution  became  more  irregular,  the  speed  being  a  maximum  at  the  center  and  dropping  off 
steadily  toward  the  edges  of  the  stream.  The  ratio  of  the  velocity  75  per  cent  of  the  way  out 
to  the  edge  of  the  stream  to  that  at  the  center  was  1.00  at  C,  0.97  at  D,  and  0i96  at  E.  The 
edge  of  the  stream  was  not  sharply  defined,  even  very  near  to  the  point  of  issuance  from  the 
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entrance  cone,  and  at  E,  three-quarters  of  the  way  across  the  chamber,  the  velocity  dropped  off 
jn  a  smooth  curve  from  very  near  the  center  of  the  stream  out  to  far  beyond  its  normal 
boundaries. 

The  velocity  distribution  in  the  exit  cone  was  exceedingly  strange.  The  velocity  dropped  off 
rapidly  from  a  maximum  at  tho  center,  so  that  the  stream  appears  actually  to  contract  rather 
than  to  expand  in  the  exit  cono.  As  in  the  entrance  cone,  there  was  another  maximum  near 
the  wall,  but  it  was  farther  from  the  wall  than  was  that  at  the  entrance,  and  the  velocity  was 
much  lower  than  at  tho  center.  Directly  in  front  of  the  propeller  the  velocity  at  the  center 
dropped  sharply,  due  to  the  hub,  and  varied  in  an  irregular  manner  over  the  rest  of  the  section. 
The  flow  at  this  point  was  so  turbulent  and  so  varying  in  direction  that  the  measurements  of 
velocity  may  contain  considerable  errors. 

In  order  to  mako  direct  observations  on  the  sharpness  of  definition  of  the  edge  of  the  stream 
in  the  experimental  chamber  and  to  determine  the  general  nature  of  the  flow  in  the  chamber 
an  observer  got  inside  and  sounded  the  flow  with  a  thread.  It  was  evident  that  the  air  in  the 
whole  chamber  was  much  stirred  up,  and  that  the  How  near  the  nominal  edge  of  the  stream  was 
extremely  turbulent,  except  in  the  immediate  neighborhood  of  the  entrance.  Even  in  the  far- 
thest corners  of  the  chamber,  at  a  distance  from  tho  center  of  the  stream  equal  to  more  than 
three  times  its  nominal  diameter,  there  was  still  a  distinct  movement  of  the  air.  The  motion 
everywhere  was  very  unsteady,  the  direction  of  flow  at  a  given  point  changing  60°  or  more 
almost  instantaneously.  Tho  best  defined  part  of  the  circulation  was  near  the  small  end  of  the 
exit  cone,  where  two  strong  vortices  rotating  in  opposite  directions  existed  in  the  corners  of  the 
chamber.  The  examination  of  the  flow  was  not  extended  to  points  above  and  below  the  stream 
in  this  neighborhood,  so  it  is  not  certain  whether  or  not  a  complete  vortex  ring,  surrounding  the 
opening  into  the  exit  cone,  existed.  The  results  of  this  examination  of  the  flow  in  the  experi- 
mental chamber  made  it  clear  that  the  balance  would  have  to  be  shielded  in  some  way  from  the 
air  currents  if  any  accurate  work  was  to  be  done.  In  Eiffel's  tunnel  partial  shielding  of  the 
balance  is  accomplished  by  placing  it  on  a  platform  which,  however,  extends  across  only  a  small 
proportion  of  the  width  of  tho  room,  and  can  hardly  act  as  a  complete  protection  from  air-currents 
for  the  measuring  instruments. 

The  power  curve  is  plotted  in  figure  14  (curve  No.  1)  and  the  curve  of  speed  against 
revolutions  per  minute  in  figure  15  (curve  No.  1).  The  energy  ratio  varied  too  little 
and  too  irregularly  to  make  it  worth  while  to  plot  a  curve.  Its  mean  value  was  0.90, 
making  no  allowance  for  propeller  losses.  If  the  propeller  efficiency  be  assumed  to  be  57  per 
cent  (the  value* calculated  by  the  Drzcwiccki  method),  tho  energy  ratio  for  the  tunnel  proper 
becomes  1.58. 

In  view  of  the  irregularities  of  flow  found  in  the  experimental  chamber  it  was  decided  to  try 
next  the  effect  of  inclosing  the  stream  in  a  cylindrical  tul:c  during  its  passage  across  the  experi- 
mental chamber.  No  attempt  was  made  to  make  the  tube  air-tight,  the  static  pressure  inside 
the  tube  being  equal  to  that  in  the  experimental  chamber,  which  was  carefully  made  air-tight. 
Curve  No.  2  in  figure  14,  and  also  in  figure  15,  correspond  to  this  case,  and  the  traverses  of  the 
stream  at  points  corresponding  with  those  taken  for  the  original  model  are  plotted  in  figure  16. 

Comparing  these  traverses  with  those  in  figure  13  it  is  seen  that  the  nature  of  the  distribu- 
tion in  tho  entrance  cone  is  practically  unaffected.  Tho  velocity  at  point  C  was  a  little  less 
regular  than  for  the  case  of  tho  unconstrained  stream,  showing  an  increase  near  the  walls  similai 
to  that  which  characterized  the  entrance  cone.  At  D  and  E,  however,  the  velocity  was  much 
more  even  with  tho  inclosing  tube  than  without  it,  being  constant  within  1  per  cent  over  75 
per  cent  of  tho  diameter.  Evidently,  from  tho  standpoint  of  steadiness  of  flow,  the  inclosed 
type  of  tunnel  is  superior  to  the  Eiffel  type. 

In  tho  exit  cone  the  effect  of  surrounding  the  stream  with  a  definite  boundary  was  still  more 
apparent.  At  E  the  velocity  thrcc-quartcis  of  the  way  from  the  center  to  the  walls  was  94  per 
cent  of  that  at  the  center,  as  against  67  per  cent  in  the  original  model.  At  G  the  corresponding 
figures  were  82  per  cent  and  40  per  cent.  At  II  there  was,  as  in  the  first  case,  a  minimum  at  the 
center  and  two  maxima,  the  distribution  of  velocity  being  reasonably  uniform  across  the  outer 
70  per  cent  of  the  blade,  which  is  the  most  effective  portion. 
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Tt  is  reasonable  to  suppose,  in  view  of  the  better  filling  of  the  exit  eone  and  of  the  generally 
improved  velocity  distribution',  that  the  energy  ratio  would  be  increased  by  inclosing  the  stream, 
and  this  supposition  was  fully  justified  by  the  power  measurements.  For  a  given  rate  of  rotation 


D/sfance  from  Mx/s  ( Cm.) 
Fig.  16. 


of  the  propeller  the  wind  speed  was  increased  while  the  power  consumption  was  decreased, 
and  the  power  consumption  for  a  given  wind  speed  M  as  decreased  just  about  50  per  cent.  The 
energy  ratio  with  the  inclosing  tube  was  1.S3  for  the  whole  installation,  or,  making  due  allowance 
for  the  propeller  losses,  3.20  for  the  tunnel  alone. 
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It  is  evident  that  the  inclosurc  of  the  stream  improves  the  results  in  every  way.  The  results 
obtained  in  these  experiments,  so  far  as  power  consumption  is  concerned,  check  very  well  with 
those  obtained  in  some  similar  experiments  on  model  tunnels,  carried  out  by  Lieut.  Castcllazzi.1 
Lieut.  Castellazzi  found  that  the  efficiency  was  decreased  40  per  cent  by  the  use  of  an  open 
experimental  chamber.  The  experimental  chamber  used  in  his  experiments  was  round  in  cross 
section  and  was  twice  as  large  in  diameter  as  the  entrance  and  exit  cones  where  they  entered  the 
chamber,  and  the  slightly  greater  loss  in  efficiency  found  in  the  experiments  conducted  at 
Langley  Field  may  be  accounted  for  by  the  larger  size  and  more  irregular  form  of  the  experimental 
chamber  there  employed. 

EFFECTS  OF  VARIATION  IN  EXIT  CONE  FORM. 

The  next  series  of  experiments  dealt  with  the  effect  of  alterations  in  exit  cone  form.  It 
was  originally  the  intention  to  make  a  number  of  cones  of  different  forms,  but  this  plan  was 
abandoned  after  two  had  been  tried,  and  the  experiments  cover  only  the  parabolic  and  straight 
forms  of  cone.  These  arc  as  widely  different  from  each  other  in  respect  of  their  acceleration  curves 
as  are  an}7  two  forms  which  would  be  likely  to  be  used. 

The  curves  of  power  and  revolutions  per  minute  with  the  straight  cone  arc  plotted  as 
curve  No.  3  in  figures  14  and  15.  The  mean  energy  ratio  is  1 .83  for  the  combination  of  tunnel  and 
propeller,  or  3.20  for  the  tunnel  alone,  values  identical  with  those  for  the  parabolic  cone.  It 
is  evident  from  the  curves  that  the  effect  of  changing  the  exit  cone  from  a  parabolic  to  a  straight 
form  was  very  slight.  The  parabolic  form  seems  to  have  a  slight  advantage  at  high  values  of 
VD  and  to  be  inferior  at  low  values,  but  the  difference  between  the  two  curves  is  in  no  case  in 
excess  of  the  possible  experimental  error.  In  view  of  these  results  it  appears  that  the  efficiency 
of  a  tunnel  is  not  affected  appreciably  by  exit  cone  form  or  by  the  nature  of  the  acceleration  in 
the  cone,  but  only  by  its  length,  mean  angle,  and  total  expansion  ratio. 

The  large  acceleration  suddenly  imposed  on  the  air  at  the  juncture  between  the  parallel- 
sided  portion  of  the  tunnel  and  a  straight  exit  cone  might  be  expected  to  cause  turbulence, 
so  that  the  flow  would  be  loss  regular  than  with  a  parabolic  or  other  smoothly  curving  form. 
No  experimental  data  are  available  on  this  point  as  yet,  as  the  experiments  were  temporarily 
halted  by  an  accident  to  the  propeller  before  traverses  and  investigations  of  the  flow  had  been 
carried  out  with  the  straight  cone. 

OBSERVATIONS  OF  THE  NATURE  OF  THE  FLOW  THROUGH  THE  PROPELLER. 

The  most  noticeable  feature  of  the  flow  behind  the  propeller  is  the  great  rapidity  with 
which  the  slip  stream  spreads.  Instead  of  contracting,  as  in  the  case  of  an  airplane  propeller, 
where  the  direction  of  inflow  is  unrestricted,  the  stream  expands  immediately  on  passing  clear 
of  the  cone,  the  air  changing  its  direction  so  that  there  is  a  strong  movement  of  the  air,  in  a 
direction  approximately  at  right  angles  to  the  axis  of  the  tunnel,  at  a  distance  of  30  cm.  back 
and  50  cm.  out  radially  from  the  edge  of  the  exit  cone. 

The  flow  in  the  throat  and  cones  was  very  steady  at  all  points  except  near  the  edges  of  the 
stream.  The  velocity  head  varied  with  a  total  amplitude  of  oscillation  of  about  2  per  cent  of 
the  head  and  a  period  of  from  20  to  40  seconds.  On  passing  the  propeller  the  pulsations  of 
velocity  became  much  more  marked.  Tho  period  of  tho  pulsations  close  behind  the  propeller 
was  about  half  a  second,  and  the  maximum  velocity  was  estimated  to  be  about  50  per  cent 
greater  than  tho  minimum,  although  no  means  of  measuring  and  making  a  continuous  record  of 
a  rapidly  varying  velocity  were  available.  On  going  farther  away  from  tho  propeller  along  the 
lines  of  flow  of  the  air  tho  pulsations  steadily  increased  in  violence  and  tho  period  lengthened 
until,  at  a  distance  of  about  SO  cm.  to  tho  roar  of  tho  propeller,  the  flow  consisted  of  a  violent 
gust  about  every  second,  the  velocity  in  the  intervals  between  those  gusts  being  so  low  as  to  bo 
hardly  perceptible.  Those  observations  on  tho  nature  of  tho  flow  and  its  variations  held  in  a 
gonoral  way  for  all  tho  models  tried,  but  tho  pulsations  of  velocity  wcro  much  more  marked  for 
tho  caso  whoro  the  experimental  chamber  was  left  open  than  for  that  where  it  was  inclosed  in 
a  tube. 


'  Rendiconti  dell'Inslituto  (  cntrale  Aeronaulico,  1917. 
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EXPERIMENTS  ON  THE  EFFECT  OF  DISKS  AND  SPINNERS  ON  THE  PROPELLER. 

[n  order  to  secure  some  idea  of  the  effect  of  enlarging  the  hub  of  a  propeller  or  of  attaching 
a  spinner,  some  experiments  were  made  with  disks  of  wall  hoard  attached  in  front  of  and  behind 
the  propeller,  and  also  with  a  paper  cone  projecting  from  the  propeller  into  the  exit  cone.  The 
results  of  these  tests  do  not  fairly  represent  what  might  be  secured  with  a  good  spinner  and  a 
propeller  especially  designed  for  it,  as  the  propeller  pitch  should  be  increased  when  a  spinner  is 
incorporated  or  the  hub  is  enlarged,  but  they  will  give  somo  idea  of  the  effect. 

The  effect  of  placing  a  disk  in  front  of  the  central  portion  of  the  propeller,  the  rear  not  being 
covered  and  the  blades  not  being  housed  in  any  way,  was  to  decrease  the  wind  speed  and  increase 
the  power  consumption.  The  inner  parts  of  the  blades  acted  as  a  centrifugal  blower,  taking  air 
in  from  the  rear  and  throwing  it  out  radially.  The  increase  in  power,  with  a  disk  half  the 
diameter  of  the  propeller,  was  9  per  cent,  the  decrease  of  speed  with  the  same  disk  19  per  cent. 
With  a  disk  only  one-fifth  the  diameter  of  the  propeller  the  speed  was  decreased  5  per  cent. 
Those  measurements  wero  made  at  a  speed  of  10  meters  per  second  and  with  the  parabolic  exit 
cone.  The  relative  loss  by  the  addition  of  a  disk  was  greater  with  the  straight  cone  and  at  high 
speeds,  the  addition  of  a  disk  four-tenths  the  diameter  of  the  propeller  causing  an  increase  of  28 
per  cent  in  power  and  a  decrease  of  19  per  cent  in  speed  at  a  speed  of  34  meters  a  socond  with  the 
straight  oxit  cone.  Tho  energy  ratio  was  decreased  59  per  cent.  All  subsequent  tests  were 
made  with  the  straight  cone,  and  the  losses  would  probably  be  less  with  other  forms. 

The  addition  of  another  disk  of  equal  sizo  behind  tho  propeller,  so  preventing  any  flow  in 
from  the  rear  and  out  toward  the  tips,  improved  the  performance  as  compared  with  tho  single 
disk  in  front  of  tho  propeller,  but  remained  inferior  to  tho  original  case  with  no  shielding  at  all. 
The  power  was  increased  only  6  per  cont  as  compared  with  tho  original  case  without  any  disks, 
but  the  speed  was  decreased  16  per  cent  and  the  energy  ratio  fell  ofT  44  per  cent.  When  the  rear 
disk  alone  was  in  place,  so  that  any  air  thrown  radially  outward  had  to  come  from  inside  the 
exit  cone,  the  power  was  increased  6  per  cent,  tho  velocity  decreased  5  per  cent,  and  the  energy 
ratio  decreased  19  per  cent,  using  the  model  without  disks  as  a  standard  in  all  cases.  Tho  disk 
behind  tho  propeller  therefore  gave  better  results  than  did  complete  sheathing,  cither  in  the 
form  of  disks  or  faired  by  a  cone  in  front. 

The  addition  of  a  cone,  having  a  diameter  equal  to  two-fifths  the  diameter  of  the  oxit  cone 
at  its  largo  end  and  an  altitude  of  ono  and  a  quarter  times  its  own  diameter,  in  front  of  tho  pro- 
peller decreased  the  power  about  2  per  cent  and  increased  tho  speed  7  per  cent  as  compared  with 
thevaluesfor  the  disks  alone, but  tho  energy  ratio  was  still  30  per  cent  lower  than  for  the  original 
case.  It  soems  strange  at  first  that  the  entire  blocking  off  of  a  considerable  portion  of  the  blades 
should  increase  the  power  consumption  for  a  given  number  of  revolutions  per  minute,  but  tho 
phenomenon  can  bo  accounted  for  by  tho  higher  air  speed  past  the  propeller  when  the  area  of 
the  exit  cone  is  constricted  by  enlarging  the  hub.  The  theory  of  tho  effect  of  an  enlarged  hub 
or  spinner  has  been  discussed  in  another  section  of  this  report. 

It  appears  that  the  addition  of  a  spinner  or  the  enlargement  of  the  hub  caused  serious  loss 
in  every  caso  where  it  was  tried  with  the  straight  cane.  The  loss  with  a  parabolic  cone  is  much 
less,  and  it  is  likely  that,  with  a  propeller  properly  designed  to  allow  for  the  increased  velocity 
due  to  the  blocking  off  of  part  of  tho  area  of  the  exit  cone  by  the  spinner,  results  as  good  as  those 
in  the- original  case  could  be  obtained.  It  may  even  bo  that  they  could  bo  materially  improved 
on,  but  this  docs  not  soom  very  probable  in  view  of  the  uniformly  poor  results  shown  in  these 
experiments,  where  tho  presence  of  the  spinner  can  hardly  have  decreased  tho  propeller  efficiency 
more  than  10  per  cont  (a  loss  which,  as  already  noted,  could  be  prevented  by  tho  adoption  of  a 
propeller  designed  especially  for  tho  new  conditions).  Tho  loss  in  propeller  efficiency,  therefore, 
would  not  be  sufficient  entirely  to  account  for  tho  decrease  of  energy  ratio.  The  principal  value 
of  a  very  large  hub  is  to  increase  tho  power  coefficient  of  the  propeller  and  make  possible  the 
reduction  of  the  peripheral  speed  for  a  given  wind  speed. 
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THE  CONSTRUCTION  OF  MODELS  FOR  TESTS  IN  WIND  TUNNELS. 

By  V.  IT.  Norton. 

INTRODUCTION. 

It  is  the  general  tendency  of  model  makers,  especially  those  who  are  used  to  working  in 
wood,  to  underestimate  the  accuracy  required  in  the  construction  of  models  for  wind  tunnel 
tests.  In  most  pattern  making  an  error  of  a  hundredth  of  an  inch  is  of  no  importance,  but  if 
this  error  occurs  on  an  aerofoil,  the  model  is  valueless  for  testing  purposes.  The  model  maker, 
however,  is  not  always  to  blame  for  the  errors  in  the  model,  for  these  are  often  due  to  inaccuracies 
in  laying  out  the  drawing  of  the  model  to  a  small  scale.  Also  models  that  are  not  of  the  proper 
size  or  weight  are  difficult  or  impossible  to  test.  For  these  reasons  a  large  amount  of  time  and 
material  has  been  wasted  in  constructing  models,  perhaps  well  finished,  but  unsuitable  for 
wind  tunnel  experiments.  It  is  the  purpose,  therefore,  of  this  report  to  describe  the  methods, 
materials,  and  sizes  that  have  been  successfully  used  in  this  work. 

TYPES  OF  MODELS. 

The  type  of  model  most  tested  in  wind  tunnels  is  the  single  aerofoil  of  standard  size,  for  the 
purpose  of  determining  the  aerodynamic  properties  of  a  certain  section.  Single  wings  are  also 
tested  with  varying  aspect  ratio  and  plan  form,  and  biplane  and  triplane  combinations  are 
often  tested  without  body  or  struts.  The  wings,  whether  tested  alone  or  on  a  complete  machine, 
require  the  most  careful  reproduction  of  any  part  of  an  airplane.  If  the  aerofoil  is  thin  it 
should  be  constructed  of  a  light  aluminum  alloy,  as  thin  wooden  wings  will  not  hold  their  shape, 
no  matter  how  carefully  made,  and  it  is  difficult  to  fasten  a  spindle  into  the  end.  Thick  models 
like  struts  and  propeller  sections,  however,  are  best  constructed  of  wood.  Metal  aerofoils  should 
be  constructed  to  within  0.002  inch  of  the  given  ordinates,  and  wooden  ones  to  0.004  inch. 
The  angle  of  incidence  should  not  vary  along  the  wing  more  than  0.1  of  a  degree,  but  a  slight 
curvature  along  the  span  of  the  wing,  giving  an  effect  of  dihedral  or  kathedral  angle,  does  no 
harm.  Unless  a  wing  is  intended  for  a  special  test,  such  as  aspect  ratio,  it  should  always  be  of 
standard  size  to  insure  strict  comparison  between  different  sections.  In  4-foot  tunnels  a 
section  3  by  18  inches  is  used,  and  in  larger  tunnels  corresponding  sizes.  Whenever  possible  the 
wing  should  be  held  by  an  end  spindle,  threaded  directly  into  the  end  of  the  wing  if  of  metal, 
one-third  of  the  distance  from  the  leading  edge.  (Fig.  1 .)  All  standard  aerofoils  should  have 
square  ends  and  an  aspect  ratio  of  6. 

Bodies,  floats,  and  hulls  are  made  of  wood  and  need  not  be  as  accurately  constructed  as  aero- 
foils. The  maximum  error,  however,  should  be  kept  within  0.02  inch  on  large  models  and 
0.01  inch  on  small  ones.  The  spindle  is  usually  attached  to  the  body  by  screwing  it  into  the 
wood,  the  spindle  being  made  with  a  wood  screw  point.  If  the  model  is  bulky  it  should  be 
made  of  a  light  wood,  hollowed  out  to  reduce  the  weight,  as  every  pound  added  to  the  model 
means  an  addition  of  about  3  pounds  to  the  weight  on  the  pivot  point,  for  2  pounds  must  be 
added  to  the  lower  part  of  the  balance  in  order  to  keep  the  center  of  gravity  stationary. 

A  complete  model  should  have  a  span  of  about  18  inches  (not  more  than  21  inches)  for  a 
4-foot  tunnel,  and  weigh  not  more  than  3  pounds.  It  must  not,  however,  be  lightened  in  such 
a  way  as  to  cause  deformations  at  high  velocities.    The  wings  should  be  correctly  aligned  in 
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incidence,  stagger,  swcepback,  and  dihedral  within  0.1  of  a  degree.  The  stabilizer  should  be 
easily  adjustable,  and  a  line  should  be  marked  along  the  propeller  axis  on  the  side  of  the  bod}', 
in  order  to  facilitate  lining  the  model  in  the  tunnel.  It  has  been  usual  to  attach  the  spindle 
directly  to  the  body  of  the  airplane  as  shown  in  figure  2.  This  type  of  spindle,  however,  creates 
a  large  disturbance  of  the  air  flow  that  is  hard  to  correct  for,  so  that  it  seems  better,  whenever 
possible,  to  attach  the  spindle  to  the  tip  of  the  wing.  (Fig.  3.)  Models  should  have  stream 
lined  struts,  but  the  wires  arc  usualby  omitted,  and  unless  the  model  is  to  be  used  for  stability 
tests  the  control  surfaces  need  not  be  movable. 

Model  propellers  are  so  similar  to  the  full-sized  ones  that  little  need  be  said  in  regard  to  their 
consl ruction.    They  should  have  the  same  degree  of  accuracy  as  wooden  aerofoils. 

MATERIALS. 

The  materials  used  in  constructing  these  models  should  he  light  and  capable  of  holding  their 
shape.  Thin  parts  like  struts  and  wings  are  best  constructed  of  metal,  but  the  other  parts  are 
usually  made  of  wood.  Wings  can  be  made  of  pure  aluminum,  but  this  material  is  rather  soft, 
and  better  results  are  obtained  by  using  a  harder  alloy-  having 
better  machining  properties.  Magnesium  cuts  easily  and 
smoothly  and  is  considerably  lighter  than  aluminum,  but  at 
present  is  hard  to  cast  without  blowholes.  Perhaps  the  best 
alloy  for  this  purpose  is  the  very  common  one  with  S  per  cent 
copper  and  92  per  cent  aluminum.  If  it  is  desired  to  construct 
a  wing  of  great  permanence  for  a  standard,  or  for  tests  at  high 
speeds,  it  should  be  cut  from  steel,  but  this  is  at  present  a 


FIGURE  L 


Figure  2. 


Figure  3. 


rather  expensive  process.  An  aerofoil  for  pressure  distribution  tests  is  best  made  of  brass, 
because  of  the  necessity  of  using  solder.  Wings  of  a  more  or  less  temporary  character  can 
be  made  of  plaster  or  wax  as  described  later. 

Wood  to  bo  used  for  thick  wings  and  bodies  should  be  well  seasoned  and  clear.  As  the 
expense  for  material  is  very  small  compared  with  labor  expense,  only  the  highest  quality  stock 
should  be  considered.  The  wood  for  aerofoils  need  not  be  light,  but  rather  hard  and  close 
grained,  such  as  maple,  beech,  boxwood,  or  holly.  The  maple  is  the  easiest  to  procure  and  it  is 
quite  satisfactory  when  the  stock  is  selected. 

WOODEN  AEROFOILS  OF  CONSTANT  SECTION. 

The  process  of  making  a  3  by  18  inch  aerofoil  will  be  described,  the  method,  however, 
applying  to  any  size  of  wing.  This  process  has  been  successfully  used  for  several  years  by  Mr. 
Edward  Tighe,  model  maker  for  the  Massachusetts  Institute  of  Technology.  It  should  be 
remembered  that,  although  wood  can  be  worked  to  a  very  thin  section,  it  will  not  hold  its  shape 
unless  of  considerable  thickness,  and  the  use  of  thin  wooden  aerofoils  is  not  to  be  recommended 
where  any  permanency  is  desired. 

A  J-inch  board  of  well-seasoned  maple  is  cut  along  the  grain  into  narrow  strips  that  are 
planed  J-inch  wide.  Every  other  strip  is  reversed  and  ton  }-inch  strips  placed  together  with 
two  face  strips  i-inch  wide.  This  reversal  of  strips  eliminates  any  tendency  for  the  blank 
to  curl,  as  each  strip  pulls  in  the  opposite  diroction  from  its  neighbors.  The  strips  are  placed 
in  a  drying  oven  and  heated  to  about  100°  0..  spread  with  hot  gluo.  and  clamped  together, 
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with  heavy  blocks  on  each  side  so  that  the  total  length  will  he  under  even  pressure.  The  blank 
is  left  in  the  clamps  for  from  12  to  24  hours.  It  is  then  allowed  to  age  for  a  few  weeks  to  take 
up  any  initial  warp  (fig.  4).  As  the  hardened  glue,  adhering  to  the  faces  of  the  blank  quickly 
dulls  edge  tools,  it  should  bo  removed  as  far  as  possible  with  a  glue  scraper. 

Both  faces  of  the  blank  are  now  made  flat  and  parallel  on  a  planer.  It  is  of  the  utmost 
importance  in  this  work  to  keep  all  tools  sharp,  and  the  importance  of  always  removing  the 
same  amount  of  material  from  the  opposite  fares  of  a  piece  of  stock  should  also  be  emphasized, 
for  if  this  is  neglected  the  material  will  always  curl  toward  the  face  from  which  the  larger 
amount  of  stock  is  removed.  When  both  faces  arc  true  one  edge  is  squared  up  on  the  planer 
and  the  ends  arc  trimmed  off  on  the  circular  saw,  making  the  blank  read}-  for  cutting  to  the 
desired  section. 

An  accurate  outline  of  the  desired  section  is  drawn  with  India  ink  on  white  paper  on  a 
15-inch  or  a  30-inch  chord,  using  a  medium  fine  line.  This  drawing  is  carefully  stretched  on  a 
board  and  photographed  on  a  process  plato  to  a  3-inch  chord.  If  this  negative  is  printed  on 
contrast  paper  a  fine  black  line  should  result  on  a  white  background.  The  error  in  length  of 
the  reduced  section  should  not  be  more  than  half  a  hundredth  of  an  inch,  which  ma}-  require 
several  trials  in  focusing.  The  print  is  trimmed  and  fastened  to  the  end  of  the  blank,  pref- 
erably with  vegetable  glue.      (Fig.  5.) 

A  saw  table  is  set  up  with  a  sharp,  rather  wide,  rip  saw,  hollow  ground  but  having  no  set. 
The  trued  edge  of  the  blank  is  placed  against  the  saw  guide  and  a  light  cut  is  taken  along  one 
face  of  the  wing,  and  the  depth  is  gradually  increased  until  the  saw  just  touches  the  black  lino 
on  the  photographed  section.  The  guide  is 
moved  along  about  tho  width  of  the  saw  and  the 
cut  repeated,  with  a  proper  depth  to  touch  the 
section  at  the  now  point.  A  magnifying  glass 
is  useful  to  accurately  gauge  the  depth  of  tho 
cut.  After  a  few  cuts  have  been  made  in  this 
manner  the  blank  is  turned  over  and  the  same 
operation  is  repeated  on  the  back,  in  order  to  prevent  warping.  This  process  is  continued  until 
all  tho  wood  has  been  removed  except  a  few  ridges  to  support  the  blank  on  the  saw  table. 
These  ridges  are  now  removed  and  tho  blank  is  ready  for  trimming.    (Fig  6.) 

The  wing  is  held  down  to  the  bench  by  brads  in  the  end  and  the  irregular  faces  arc  wedged 
up  in  order  to  prevent  strain  as  shown  in  figure  7.  The  terraces  left  by  the  saw  are  carefully 
planed  down  with  a  fine  set  plane  until  tho  grooves  just  disappear.  A  convex  plane  is  required 
for  concave  surfaces,  but  should  be  sharp  and  set  fine,  as  tho  maple  may  bo  somewhat  cross- 
grained.  The  surface  is  next  scraped  with  steel  or  glass  to  tako  out  any  lumps,  is  rubbed  down 
with  fine  sandpaper,  and  the  leading  and  trailing  edges  rounded  off.  After  the  ends  of  the 
wing  arc  squared  off  to  the  proper  length,  tho  surface  is  filled,  given  two  coats  of  shellac,  and 
rubbed  down  with  pumice.    (Fig.  8.) 

If  this  work  is  done  carefully,  the  aerofoil  will  nowhere  have  an  error  of  over  0.005  inch 
and  the  average  error  will  be  much  smaller.  It  should  be  noted  that  any  number  of  wings 
of  the  same  section  may  be  cut  from  one  photographic  section  by  running  several  blanks 
through  the  saw  at  each  setting,  care  being  taken  to  have  the  blanks  of  the  same  thickness. 

WOODEN  AEROFOILS  OF  VARYING  SECTION. 

Wings  that  do  not  have  a  constant  section  arc  much  more  difficult  to  construct  than  the 
usual  typo.  They,  may,  of  course,  bo  worked  down  by  template  in  the  same  way  as  a  pro- 
peller blade,  but  as  this  is,  at  best,  a  rather  long  and  inaccurate  process,  a  special  machine  has 
been  developed  for  this  purpose.  The  principle  of  this  machine  consists  in  guiding  a  revolv- 
ing cutter  along  a  predetermined  curve  by  means  of  an  adjustable  template.  A  general  view 
of  the  machine  is  shown  in  figures  9  and  10.  An  iron  bed  plate  (a)  is  mounted  on  the  cross 
feed  of  an  engine  lathe,  the  overhanging  ends  steadied  by  guides  (K)  which  rest  on  the  ways, 
but  allow  the  wing  bed  to  bo  moved  laterally  and  longitudinally  in  the  same  way  as  tho  tool 
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post.  The  wing  blank  (1)  is  screwed  to  the  surface  of  this  bed.  A  brass  bar  (6)  is  fastened 
to  the  front  of  the  bed  plate,  and  carries  25  micrometer  screws  spaced  1  inch  on  centers.  These 
screws  are  4-inch.  40  threads,  with  a  spherical  top  and  a  50-tooth  gear  pinned  to  the  lower  end. 


Figure  10. 

In  order  to  make  the  sotting  of  so  many  scrows  quick  and  accurate,  a  direct  reading  counter 
was  geared  directly  to  each  one  as  shown  in  figure  1 1 .    This  device  saved  much  time  and  many 


Micrometer  Deto//s. 

FlGURK  tli 


O/oerdtt'on  of  Co  Her 


FlGURK  12. 


mistakes,  for  410  settings  are  required  for  each  surfaco  of  a  wing.  A  steel  spring  (c)  rests 
on  the  rounded  tops  of  the  screws,  forming  a  smooth  adjustable  guide  for  the  shoo  (d),  which 
has  the  same  radius  of  curvature  as  the  cutter  radius  (3-inch).    A  spring  J-inch  wide  and 
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0.038-inch  thick  was  found  hest  suited  for  ordinary  work.  A  frame  (7t),  pivoted  at  (i),  and 
holding  the  ^-horsepower  motor  (f)  allows  the  cutter  (m)  to  move  only  in  a  vertical  direction. 
The  cutter  is  made  to  follow  the  curve  of  the  spring  by  the  guide  (d),  which  rests  lightly  on 
it.  This  is  adjusted  vertically  by  the  screw  (e)  for  cutting  wings  of  uniform  section  (when 
the  spring  is  horizontal)  and  for  setting  the  cutter  to  the  proper  height  after  sharpening.  For 
cutting  wood  a  two-bladed  cutter  J-inch  wide  is  driven  at  5,000  revolutions  per  minute  by 
a  belt  directly  from  the  motor. 

The  material  best  suited  for  making  models  that  are  tested  soon  after  completion,  just  as  in 
the  case  of  thick  wings  of  uniform  section,  is  laminated  maple,  and  the  blanks  are  made  up  in 
the  way  described  for  such  wings  in  the  preceding  section  of  this  report. 


I 


METHOD  OFCC/TT//VG  WWGS  WITH  VARYING  CHOftQ 

A#a  WITH 

STRAIGHT  LI/VES    FffOK     CENTER    TO  TIP. 


Figure  16. 

The  blank  is  screwed  down  to  the  base  plate  with  5  machine  screws  and  the  back  is  cut 
by  starting  \  inch  from  the  leading  edge  of  the  blank  and  taking  a  cut  across  with  the  micrometer 
screws  set  for  the  first  row  of  ordinates.  The  wing  is  moved  laterally  to  the  next  position, 
and  another  cut  taken.  (Fig.  12.)  This  is  repeated  until  the  whole  surface  is  Cut.  Three  or 
four  ridges  should  be  left  on  the  back  of  the  wing  in  order  to  support  it  evenly  when  cutting  the 
other  face;  also  a  groove  should  be  cut  for  the  spindle.  The  blank  is  then  turned  over  and  cut 
in  the  same  manner  on  the  other  side.  The  surface  is  then  an  even  set  of  terraces  (photographs 
of  the  blank  in  this  condition  are  shown  in  figs.  13  and  14). 

A  wing  of  constant  section  is  made  -in  the  same  way  except  that  the  steel  spring  is  kept 
horizontally  on  the  bedplate  and  the  cutter  is  adjusted  in  height  by  the  screw  (e).  This 
required  only  one-twentieth  of  the  settings  used  by  the  varying  section  wings. 

Figures  15  and  16  show  an  attachment  for  cutting  wings  with  a  varying  chord  and  straight 
lines  from  an  ordinate  at  the  center  section  to  a  corresponding  ordinate  at  the  tip.  The  guide 
153215— S.  Doc.  166,  66-2  47 
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rests  on  the  straight  bar  (c),  as  only  one-half  of  the  wing  can  be  cut  at  a  time.  The  blank  is 
screwed  to  the  pivoted  base  plate  (6)  swinging  about  its  axis  (h).  It  will  be  noticed  that  the 
intersection  of  the  leading  and  trailing  edges  prolonged  (i)  is  opposite  the  hinge  (g).  With 
this  arrangement  it  is  only  necessary  to  set  the  ordinates  for  the  mean  chord,  as  the  others 
are  automatically  obtained  from  these  by  swinging  the  tip  of  the  wing  in  the  opposite  direction 
from  the  movement  of  the  cross  slide  when  setting  the  cutter  for  the  mean  chord.  The  scale 
(e)  is  used  to  determine  this  distance.  Wings  having  curved  contours  and  tapering  plan  form 
can  also  be  cut,  but  require  a  large  amount  of  computation. 

When  the  section  is  completed  on  the  machine, 
the  ends  are  trimmed  off,  allowing  a  little  extra  length 
to  prevent  rounding  off  the  corners.  The  wing  is 
clamped  down  on  a  block  of  wood  and  the  terraces 
are  planed  down  as  described  before.  The  plane 
used  for  this  purpose  should  be  small  enough  not  to 
cover  up  the  part  worked  on.  The  plane  can  be 
ground  concave  or  convex  to  fit  irregular  surfaces. 
The  surfaces  are  then  finished  in  the  manner  already 
described  for  wings  of  uniform  section.  The  spindle  is  now  screwed  on,  and  any  holes  or  errors 
in  cutting  are  filled  up  with  beeswax.  (Fig.  17.)  This  may  sound  like  a  rather  long  and 
complicated  process,  but  a  wing  can  be  cut  and  finished  in  6  to  8  hours,  a  shorter  time  than 
that  usually  required  to  work  out  the  ordinates. 

The  ordinates  for  these  wings  can  be  scaled  off  from  a  drawing  on  a  30-inch  chord  to  the 
nearest  one-hundredth  inch  which  gives  the  ordinates  for  the  model  to  a  thousandth  inch. 
As  this  is  a  rather  long  process,  it  is  best  wherever  possible  to  make  a  single  drawing  and  to 
proportion  the  ordinates  of  all  sections  to  this  with  a  slide  rule. 

The  advantage  of  this  machine  is  that  it  cuts  a  wing  from  the  ordinates  and  requires  no 
small  scale  drawings  or  templates.  The  machine  described  was  designed  to  cut  wooden  aero- 
foils, but  thero  is  no  reason  why  a  stiller  and  heavier  machine  could  not  be  used  to  accurately 
cut  aluminum  or  steel  wings  of  either  constant  or  varying  section. 

METAL  AEROFOILS. 

The  majority  of  aerofoils  are  best  constructed  of 
aluminum  and  very  satisfactory  ones  have  been  made  of 
this  material  by  the  following  method.  Steel  templates 
are  made  to  fit  the  upper  and  lower  surfaces,  from  one- 
sixteenth  inch  tool  steel  worked  by  hand  to  within  0.001 
inch  of  the  given  contour.  The  two  halves  are  fitted 
together  as  shown  in  figure  18.  It  is  well  to  check  the  dimensions  of  the  templates  on  a 
dividing  engine  before  proceeding  further.  A  block  of  aluminum,  preferably  rolled  stock,  is 
trued  up  on  one  side  to  a  plane  surface.  This  surface  is  then  clamped  down  to  tho  bed  of  a 
small  planer,  and  the  upper  surface  is  planed  down  to  within  about  a  hundredth  of  an  inch  of 
the  finished  size  of  the  wing.  The  upper  surface  is  now  worked  down  by  hand  with  file  and 
scraper,  using  the  plane  surface  as  a  reference,  until  it  everywhere  fits  the  template.  This 
must  be  done  very  carefully  by  a  skilled  workman,  and  requires  considerable  time  (from  30 
to  100  hours).  The  lower  surface  is  now  worked  down  to  fit  the  second  template,  using  the 
upper  template  as  a  reference.  In  this  way  the  wing  is  made  straight  and  of  uniform  thickness. 
The  ends  of  the  wing  are  milled  off  square,  and  one  end  is  drilled  and  tapped  for  spindle. 
This  method  should  give  a  wing  that  is  everywhere  within  0.002  inch  of  the  given  dimensions. 

Another  method,  applying  mainly  to  brass  and  steel  wings,  makes  use  of  a  milling  machine 
in  the  following  manner:  A  slab  of  rolled  brass  or  steel  is  trued  up  on  one  face  and  soldered 
to  a  trued  heavy  block  that  is  fastened  on  the  bed  of  a  milling  machine.    The  cutter  is  set 
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down  until  it  just  touches  the  lower  block,  and  the  edge  of  the  wing  blank  is  squared  off.  The 
cutter  is  now  moved  inward  0.05  inch  and  raised  an  amount  determined  by  a  table  of  ordinates 
for  the  section.  These  ordinates  are  scaled  off  of  a  drawing  to  10  times  scale  in  the  same  way  as 
for  the  wooden  sections.  A  series  of  cuts  are  taken  across  the  wing  until  the  upper  surface  is 
completely  formed,  leaving  two  narrow  ridges  to  determine  the  original  surface.  The  blank 
is  unsoldered  from  the  lower  block,  and  the  cut  surface  is  filled  with  solder  or  lead  and  fastened 
down  to  the  block,  with  the  other  face  up,  taking  care  that  tbe  ridges  on  the  cut  surface  are  in 
firm  contact  with  the  block.  The  squared  edge  of  the  blank  is  now  lined  up  carefully  with 
the  milling  machine  ways,  and  the  second  surface  is  cut  in  the  same  manner  as  the  first.  After 
unsoldering  the  wing  from  the  block  all  possible  solder  is  wiped  off,  and  the  blank  is  ready 
for  finishing.  This  is  done  by  filing  down  the  terraces  until  the  grooves  have  just  disappeared, 
which  should  leave  a  smooth  and  accurate  surface.  This  method  requires  no  templates  nor 
as  much  skill  as  the  preceding  one,  but  is  considered  unsuitable  for  aluminum  wings,  as  this 
metal  does  not  hold  solder,  nor  can  it  be  machined  to  the  fiuished  size  without  the  danger  of 
tearing. 

Brass  wings  can  be  cut  with  a  one-toothed  formed  cutter,  but  it  does  not  pay  to  make  a 
cutter  unless  several  wings  of  the  same  section  are  to  bo  made.  It  is  also  rather  difficult  to 
get  a  smooth  surface  with  this  type  of  cutter. 


Figure  19.  Figure  20.  Figure  21. 


As  the  wind  speed  in  which  aerofoils  are  tested  is  increased  beyond  100  miles  an  hour 
it  is  necessary  to  use  steel  for  models  in  order  to  prevent  excessive  deflection  of  the  wing. 
Although  it  has  apparently  never  been  tried,  it  is  probable  that  some  method  could  be  devised 
for  machino  grinding  steel  wings  on  a  surface  grinder  to  a  high  degree  of  accuracy. 

OTHER  METHODS  OF  MAKING  AEROFOILS. 

It  is  sometimes  convenient  to  make  aeroifols  up  in  a  quicker  and  less  permanent  manner, 
when  they  are  to  be  used  only  for  one  test  soon  after  construction.  It  is  also  desirable  to  be  able 
easily  to  make  a  small  change  in  some  particular  region  of  the  wing  without  making  a  new  model. 
The  following  methods  have  been  used  successfully  here  and  abroad,  but  can  probably  be 
improved  on  by  more  extensive  use. 

The  following  method  is  used  for  making  complete  aerofoils.  Two  channel-shaped  metal 
flasks,  with  upper  edges  machined  are  fitted  together  with  dowel  pins,  as  shown  in  figure  19. 
Two  accurate  templates  (positive)  arc  made  to  the  sectional  form  of  the  wing,  with  lugs  at  the 
end  to  fit  on  the  flask  and  guides  to  keep  it  square.  (See  fig.  20.)  The  flasks  are  now  filled  with 
well-calcined  plaster  of  Paris  that  has  been  mixed  into  a  rather  thick  paste.  The  templates  are 
used  as  scrapers  to  roughly  form  the  wet  plaster  to  shape.  After  the  plaster  has  set,  the  tem- 
plates can  be  used  to  finish  the  molds  down  to  the  correct  size.  A  very  good  finish  can  be  ob- 
tained in  this  way,  but  the  final  finish  should  not  be  given  until  the  plaster  is  dry  or  the  shrinkage 
may  distort  the  molds.  The  surfaces  are  now  painted  with  linseed  oil  and  the  flask  is  clamped 
together.  One  end  is  plugged  and  a  spindle  held  in  the  correct  position.  The  spindle  may  well 
run  completely  through  the  wing  as  reenforcement.    The  mold  may  now  be  filled  at  the  top  with 
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a  thin  mixture  of  plaster  or  by  some  melted  wax  which  possesses  considerable  hardness  and 
strength  when  cool.  After  the  mixture  is  set  the  wing  is  removed  and  the  upper  end  trimmed 
off  to  the  proper  length.  If  carefully  made  the  model  should  have  a  good  finish  and  be,  ini- 
tially atl  east,  quite  accurate.  The  wing  will  not  be  very  permanent  and  should  be  tested  soon 
after  completion.  Also  it  will  not  possess  sufficient  strength  to  make  it  available  for  tests  at  high 
speeds. 

Another  method  of  making  plaster  wings  has  been  devised  by  the  Curtiss  Co.  An  iron  bed 
having  two  trued  ways  (fig.  21)  is  nearly  filled  with  a  mixture  of  paraffin  and  Montan  wax. 
When  cold  the  wax  is  scraped  down  with  a  positive  steel  template  to  fit  one  surface  of  the  wing. 
The  template  is  carried  on  a  carriage  and  can  be  gradually  lowered  as  shown  in  figure  22.  When 
this  surface  is  completed  a  thin  layer  of  wet  plaster  is  spread  on  the  wax  and  a  sheet-steel  core 
s  pushed  down  to  correspond  with  about  the  center  of  the  wing,  more  plaster  is  added  to  the  top, 
and  is  allowed  to  set.  Before  it  becomes  completely  hard  the  template  for  the  other  surface  is 
fastened  in  the  carriage  and  the  plaster  is  scraped  down  to  size,  the  template  being  set  to  give 
the  correct  thickness.  These  wings  can  be  made  quite  thin,  but  are  not  strong  and  must  be 
handled  with  great  care,  and  it  is  neccessary  to  support  them  with  a  center  spindle. 

When  it  is  desired  to  make  a  series  of  changes  in  onby  one  face  of  the  aerofoil,  it  can  be  most 
conveniently  done  by  taking  a  metal  wing  having  the  desired  permanent  surface,  and  with  the 
other  surface  cut  below  any  desired  change  on  this  part.  Negative  templates  are  made  of  thin 
sheet  metal  for  all  the  desired  forms,  cut  to  slide  over  the  leading  and  trailing  edges,  as  shown  in 
figure  23.  The  wing  is  placed  in  a  shallow  trough  that  fits  the  plan  form  of  the  wing  and  enough 
melted  beeswax  is  poured  over  the  desired  surface  to  fill  it  above  any  desired  contour.    When  the 


Figure  22.  Figure  23. 


wax  has  fully  cooled  it  can  be  scraped  down  to  the  required  size  by  template.  The  template  may 
be  held  by  hand,  but  a  more  satisfactory  job  can  be  done  by  holding  it  in  a  milling  machine  and 
running  the  model  under  it.  In  this  way  a  very  excellent  surface  can  be  formed  equal  in  accuracy 
and  finish  to  a  wooden  one.  The  wing  must  be  tested  within  a  few  hours  of  the  time  it  is  scraped 
in  order  to  be  sure  that  the  wax  does  not  deform.  The  same  method  can  be  used  with  plasticine, 
but  this  material  does  not  give  as  good  results  as  the  wax. 

BODIES  AND  HULLS. 

The  construction  of  bodies  and  bulls  requires  less  accuracy  than  wings,  so  that  it  will  be 
necessary  merely  to  outline  the  general  methods  used  in  their  making.  Large  models  should  be 
cut  to  0.02  inch  and  small  ones  to  0.01  inch  of  the  given  dimensions.  For  a  4-foot  tunnel,  no 
body  should  be  more  than  36  inches  long  nor  5  inches  in  diameter  nor  weigh  more  than  2  pounds, 
so  that  it  is  necessary  to  hollow  all  large  models.  The  best  woods  to  use  for  these  models  is  white 
pine  or  bay  mahogany,  woods  that  are  light,  easy  to  work,  and  not  liable  to  warp. 

Small  bodies  may  be  made  of  one  piece  sawed  out  to  the  correct  profile  in  two  planes,  as 
shown  in  figures  24  and  25.  The  edges  cut  off  in  the  first  sawing  are  lightly  bradded  on  to  the 
body  in  order  to  steady  it  when  sawing  the  second  side.  The  four  sides  are  then  planed  down 
accurately  to  size,  and  by  the  aid  of  templates  the  corners  are  worked  off  with  plane  or  spoke- 
shave.  The  surface  is  then  scraped  and  finished  with  shellac  rubbed  down  with  pumice  and  oil. 
If  a  fuselage  has  a  spinner  on  the  nose,  it  is  best  to  turn  this  part  down  separately  on  a  lathe  and 
dowel  it  on  to  the  fuselage,  working  the  squared  block  down  to  the  spinner.  Cockpits  should  be 
cut  to  at  least  half  the  depth  of  the  body,  but  no  details  inside,  such  as  the  seat,  need  be  included. 


FIG.  24. 
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Wind  shields,  however,  should  be  put  in  place  and  knobs  representing  the  men's  heads  fastened 
to  the  rear  of  the  cockpit. 

Large  bodies  (over  18  inches  long  and  2\  inches  in  diameter)  should  be  made  hollow.  This 
is  best  accomplished  by  cutting  out  a  series  of  lifts  from  thin  stock  {\  inch) .  These  are  sawed 
out  and  planed  accurately  to  outline  and  the  whole  set  glued  together  with  hot  glue,  being  held 
in  alignment  by  dowel  pins  on  the 
base  plate  as  shown  in  figure  26. 
When  the  glue  is  hard  the  pins  can 
be  cut  off  flush  and  the  outside 
surface  of  the  model  planed  down 
smoothly  to  the  contour  lines  of 
the  lifts.  This  method  gives  a  light 
and  accurate  model  requiring  few 
templates  for  finishing.  A  line 
should  always  be  marked  on  the 
side  of  the  body  parallel  with  the 
propeller  axis,  in  order  to  aid  in 
lining  up  the  model. 

Flying  boat  hulls  and  seaplane  floats  are  constructed  in  the  same  way  and  require  no  special 
comment. 

STABILIZERS. 

Stabilizers  can  be  worked  out  of  aluminum  in  the  same  way  as  aerofoils  and  require  the 
same  degree  of  accuracy.  If  the  stabilizer  is  thin  it  will  not  be  too  heavy  if  made  of  brass, 
which  is  preferable  to  aluminum  in  everything  except  weight. 

It  is  important  that  the  stablizer  may  be  easily  and  accurately  adjusted  for  angle  of  incidence. 
A  maximum  adjustment  of  5  degrees  is  sufficient,  but  all  mechanism  for  the  adjustment  must 
be  in  the  body  that  it  may  not  disturb  the  air  flow.  It  is  also  desirable  to  have  both  halves  of 
the  stabilizer  turn  together. 

A  satisfactory  and  simple  method  is  shown  in  figure  27.  The  two  halves  of  the  stabilizer 
are  mortised  out  and  fitted  into  the  sides  of  the  brass  cylinder  (a)  with  brass  pins  (&)  all  filed 


FlOUKE  27. 

flush  with  the  stabilizer  surface.  The  brass  cylinder  is  a  friction  fit  in  the  split  ring  (c)  screwed 
into  the  wood  of  the  body. 

In  figure  28  a  similar  arrangement  is  used  except  that  a  finer  and  more  positive  adjustment 
is  assured  by  tho  two  adjusting  screws  (a)  passing  from  the  bottom  of  the  body  to  the  sides  of 
the  brass  cylinder  (b).  Figure  29  shows  a  way  of  adjusting  a  stabilizer  that  rests  on  the  top 
longerons.  A  grooved  brasss  plate  (a)  is  set  in  the  top  of  the  body,  and  a  rocker  on  the  lower 
side  of  the  stabilizer  rests  on  it.  The  angle  is  changed  by  adjusting  screws  at  (c)  and  (d). 
Another  method,  figure  30,  lias  the  stabilizer  hinged  at  (a)  and  the  upper  edge  is  held  up  against 
the  screws  (6)  by  springs.    By  adjusting  these  screws  the  angle  is  changed. 
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A  template  should  be  provided  with  every  model  to  fit  the  stabilizer  in  order  to  line  it  up. 
The  back  of  the  template  should  be  parallel  to  the  stabilizer  cord. 

CONTROL  SURFACES. 

If  it  is  desired  to  use  the  model  for  stability  work,  the  ailerons,  elevator,  and  rudder  are 
made  movable.    The  simplest  and  most  satisfactory  way  to  accomplish  tins  is  to  cut  the  surfaces 


Figure  29.  Figure  30. 


with  a  very  fine  jeweler's  saw,  beveling  the  inside  edges  and  inserting  several  pieces  of  soft 
brass  wire  as  dowel  pins.  This  allows  the  surface  to  be  held  in  any  position  without  danger 
of  its  turning.  The  size  of  the  wires  and  their  spacing  depend,  of  course,  on  the  size  of  the  mode 
and  the  velocity  at  which  it  is  tested.    (Fig.  31.) 


CHASSIS. 


Figure  31. 


The  wheels  when  small  may  be  turned  out  of  solid  maple,  but  if  the  wheel  is  to  be  tested 
alone,  and  is  therefore  large,  it  should  be  glued  up  of  pine  laminations  and  left  hollow.  The 
laminations  are  sawed  out  roughly  on  the  band  saw,  glued  together, 
and  then  the  whole  is  turned  up  and  polished  on  a  lathe.  A  cross 
section  of  such  a  wheel  is  shown  in  figure  32.   The  spindle  is  attached 

to  the  center  of  the 
wheel  by  screwing 
it  into  a  brass 
socket,  let  in  flusli 
with  the  surface. 

Large  struts 
should  1)0  made 
with  the  same  de- 
gree of  accuracy  as 
wooden  aerofoils 
and  can  be  made  in 
the    same  way. 

Small  struts  are  made  of  metal,  usually  brass,  in  the  following  way,  if  great  accuracy  is  desired. 
A  rectangular  strip  of  brass  just  largo  enough  to  contain  the  strut  section  is  soldered  to  a  heavy 
block  of  metal,  and  is  lined  up  truly  on  the  miller  bed.  A  series  of  cuts  are  now  taken  along 
the  strut  with  the  corner  of  the  cutter  just  touching  the  contour  of  the  section,  inscribed  on 
the  end,  leaving  a  short  uncut  section  at  the  other  end  in  order  to  hold  the  strut  square 
when  this  side  is  soldered  to  the  block.  The  cut  surface  while  still  on  the  block  is  carefully 
filed  down  until  the  cutter  marks  have  just  disappeared,  leaving  the  surface  smooth  and  true. 
The  strut  is  turned  over  and  the  operation  repeated  on  the  other  side.    If  this  is  carefully  done, 


Figure  32. 


Figure  33. 
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an  accurate  strut  will  result,  but  if  greater  precision  is  desired  the  cutter  may  be  set  by  the 
micrometer  head  to  a  given  set  of  ordinates,  in  the  same  way  used  in  cutting  aerofoils. 

The  axle  is  usually  made  like  a  strut  and  the  wheels  are  pinned  to  the  ends.  Shock 
absorbers  are  fastened  to  the  axle  just  inside  the  wheels  with  pins  or  glue,  and  are  of  stream-line 
form  in  most  models.  (Fig.  33.)  Where  the  shock  absorber  on  the  full-sized  machine  is 
unstreamlined  it  may  be  reproduced  on  the  model  by  winding  a  hard  cord  or  wire  of  suitable 
size  about  the  axle. 

RADIATORS. 

Although  radiators  are  usually  constructed  of  a  solid  block  of  wood,  or  are  omitted  alto- 
gether, there  is  no  reason  why  this  important  portion  of  the  structure  should  not  be  represented 
with  fair  exactness.  This  is  accomplished  by  using  a  fine  gauze  screen,  or,  better,  a  perforated 
brass  plate  having  the  same  resistance  in  proportion  to  a  flat  plate  of  the  same  size  as  has  the 
full-sized  radiator.  In  order  to  get  the  proper  resistance  the  radiator  and  hat  plate  of  the  same 
size  are  mounted  on  opposite  sides  of  a  freely  turning  spindle,  but  at  such  a  distance  as  gives  a 
balance  when  the  proper  resistance  of  the  radiator  is  reached.  A  short  dummy  spindle  must 
be  provided  to  counter  balance  the  greater  length  of  the  spindle  attached  to  the  radiator.  The 
holes  in  the  radiator  arc  gradually  enlarged  until  it  balances  the  plate.  A  model  J  N  4H  radiator 
is  shown  in  figure  34,  mounted  for  balancing.  The  ratio  of  resistances  between  the  radiator,  and 
aflat  plate  of  the  same  size  ranges  roughly  from  one-half  to  two-thirds,  depending  on  the  type 
of  the  radiator.  A  nose  radiator  should  have  a  motor  behind  it  and  an  outlet  for  the  air  in 
accordance  with  the  large  machine.  A  Hispano  Suiza  motor  and  radiator  model  is  shown  in 
figure  35. 

THE  COMPLETE  MACHINE. 

The  completeness  with  which  the  minor  parts  of  the  airplane  are  reproduced  on  the  model 
depends  largely  on  the  purpose  for  which  it  is  tested.  For  instance,  should  the  model  be  used 
only  for  determining  the  balance  of  the  machine  and  the  stabilizer  setting,  all  small  parts  may 
be  omitted,  as  they  will  not  affect  the  balance  appreciably.  If,  however,  the  model  is  used  to 
determine  the  performance  of  the  full-sized  machine,  or  to  obtain  scale  corrections,  such  parts 
as  exhaust  stacks,  control  arms,  shock  absorbers,  etc.,  should  be  attached.  To  have  strict 
agreement  with  the  full-sized  machine,  wires  and  fittings,  which  furnish  a  large  portion  of  the 
total  drag,  should  be  placed  on  the  model,  but,  because  of  the  difficulty  of  reproducing  the 
wires  and  fittings  on  small  models;  and  because  the  small  wires  do  not  have  a  resistence  pro- 
portional to  their  size,  wires  have  been  omitted  on  practically  all  models.  With  a  tractor- 
type  radiator,  the  passage  for  the  air  to  escape  around  the  engine  should  be  of  the  same  pro- 
portions as  in  the  full-sized  machine.  It  would  be  very  desirable  to  employ  much  larger  models 
than  are  used  now  in  order  that  all  details  might  be  included.  With  a  6-foot  model  it  should 
be  possible  to  very  closely  determine  the  performance  of  any  new  machine. 

The  wings  of  the  model  should  be  made  of  aluminum  or  steel  by  the  methods  described 
above,  but  usually  with  such  a  chord  as  to  make  the  model  some  definite  scale  of  the  full-sized 
machine.  The  size  of  the  model  should  be  proportioned  to  the  size  of  the  tunnel,  and  the  weight 
should  be  kept  as  low  as  possible  consistent  with  stiffness  at  the  maximum  speed  at  which 
the  model  is  to  be  run.  Care  should  be  taken  on  every  part  of  the  model  to  insure  accuracy, 
finish,  and  sufficient  strength  to  allow  of  handling. 

When  the  wings  are  cut  to  the  proper  section,  the  plan  form  of  the  wing  is  laid  out  on  the 
lower  surface  of  each,  with  a  fine  scratched  line.  The  outline  is  sawed  roughly  to  size  and  then 
filed  squarely  to  the  line.  By  the  aid  of  templates  the  ends  are  rounded  off  in  the  correct 
manner  and  carried  smoothly  into  the  finished  surface  of  the  wing.  Wings  having  dihedral 
pan  be  cut  three-fourths  through  at  the  center  section  with  a  fine  saw  and  the  wing  bent  to 
the  proper  angle  by  means  of  templates.  Sweep  back,  if  present,  is  best  accommodated  by 
cutting  the  wing  in  the  center  to  the  proper  angle  on  the  milling  machine  and  halving  the  pieces 
together,  as  shown  in  figure  36.  The  point  of  attachment  of  the  struts  is  marked  on  the  upper 
surface  of  each  wing,  and  by  means  of  tapered  blocks  the  strut  holes  are  bored  and  tapped. 
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(Fig.  37.)  It  is  important  that  the  direction  of  the  holes  be  tapped  exactly  in  the  direction 
of  the  strut  or  it  will  be  impossible  to  line  the  machine  up  closely.  Also  the  threads  in  one 
wing  should  be  right-handed  and  in  the  other  left-handed.  Another  method  of  fastening 
interplane  struts  is  to  thread  the  ends  of  the  struts  and  drill  the  wing,  holding  the  struts  to  the 
wing  with  countersunk  nuts,  as  shown  in  figure  38.  This  allows  the  use  of  stream-line  struts, 
but  they  must  be  cut  correctly  to  length  as  little  adjustment  can  be  made  after  assembly. 


FIGURE  30. 


Figure  37. 


Figure  38. 


Interplane  struts  having  no  incidence  wires  on  the  full-sized  machine,  as  in  the  portal,  I  or  K 
trusses,  are  made  of  a  single  piece  of  brass  on  the  model  and  formed  accurately  to  fit  the  surfaces 
of  the  wing.  They  are  fastened  with  flat-headed  screws  passing  through  the  wing,  as  shown 
in  figure  39.    This  completes  the  work  on  the  single  wings. 

The  chassis  is  fastened  to  the  body,  either  by  pinning  the  struts  into  the  body  with  pins 
that  are  continuations  of  the  struts,  or  by  bending  the  struts  sharply  as  they  meet  the  body 
so  that  the  face  of  the  strut  is  parallel  with  the  side  of  the  body  and  is  mortised  in  flush  with 
the  surface  and  held  by  a  small  wood  screw.  If  the  lower  wing  passes  through  the  body,  as  is 
generally  the  case,  an  accurate  section  of  the  wing  is  marked  on  the  body,  and  with  a  fine  band 


Figure  10. 

saw  the  wood  inside  this  section  is  cut  away,  with  an  entrance  cut  at  the  trailing  edge.  The 
lower  wing  can  be  slipped  into  this  opening  and  screwed  firmly  in  place  by  two  wood  screws 
inserted  from  below.  Should  the  wing  pass  below  the  body,  it  can  be  held  by  long,  slender 
wood  screws  passing  through  the  wing  into  the  body.  The  wing  is  held  away  from  the  body 
the  correct  distance  by  stream-lined  spacers,  as  shown  in  figure  40. 

The  empennage  is  attached  to  the  body,  the  leading  edge  of  the  stabilizer  square  with 
the  axis  of  the  body,  and  the  fin  and  rudder  parallel  with  the  line  of  flight.  The  tail  skid  is 
usually  made  from  the  same  piece  of  metal  as  the  fin. 

The  body  struts  to  the  upper  wing  are  attached  in  the  same  way  as  the  chassis  struts  and 
are  held  at  the  other  end  by  machine  screws  passing  through  the  wing  into  the  upper  end  of 
the  strut.  The  interplane  struts  are  made  of  a  piece  of  steel  wire  cut  to  the  right  length  and 
threaded  on  the  ends  with  left  and  right  threads.  It  is  stream-lined  when  in  place  by  a  brass 
fairing. 

The  model  is  now  ready  for  lining  up,  a  process  that  must  be  done  with  the  greatest  care, 
in  order  that  it  may  be  relatively  as  well  lined  as  the  full-sized  machine.  In  order  to  do  this 
the  fuselage  is  clamped  securely  to  a  plane  surface,  right  side  up  and  with  the  propeller  axis 
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horizontal.  A  pair  of  similar  templates  are  now  made  that  will  go  under  the  chord  of  the 
upper  and  lower  wings  on  either  side  of  the  body  in  such  a  way  as  to  fix  the  angle  of  incidence 
of  each,  their  stagger  and  dihedral.  The  position  of  these  templates  is  shown  in  figure  41. 
The  interplane  struts  are  now  put  in  place  and  approximately  adjusted,  and  the  lower  plane 
is  set  to  its  correct  angle  of  incidence  by  shimming  where  it  passes  through  the  body.  With 
the  aid  of  the  templates  the  upper  wing  is  adjusted  by  turning  the  struts,  the  opposite  threads 
on  which  enable  them  to  act  as  turnbuckles,  until  the  wings  are  correct  in  all  ways.  The 


Figure  41. 


brass  fairings  can  now  be  attached  with  a  soldering  iron.  They  should  all  be  lined  up  along 
the  axis  of  the  body.  It  is  well  to  check  up  the  alignment  of  the  machine  after  mounting  it 
on  the  balance  in  order  to  be  sure  that  there  is  no  error  of  more  than  one-tenth  degree  at 
any  point. 

The  spindle  is  sometimes  attached  by  screwing  it  directly  into  the  wood  of  the  body,  but  if 
the  model  is  to  be  used  several  times  a  metal  socket  is  best  inserted  in  the  wood,  as  shown  in 
figure  42.  This  type  of  spindle,  however,  is  rather  unsatisfactory  aerodynamically  because  of 
its  interference  with  the  wings  and  because  it  is  difficult  to  determine  its  effective  resistance; 
that  is,  the  resistance  which  should  be  subtracted  from  the  total  resistance  to  give  the  true 
resistance  of  the  machine.  A  better  way  is  to  screw  the  spindle  into  the  tip  of  the  wing.  If 
the  forces  are  large,  it  is  necessary  to  insert  a  steel  socket  into  aluminum  wings.    (Fig.  43.) 


Figure  42.  Figure  43. 


AEROFOILS  FOR  PRESSURE  DISTRIBUTION. 

It  is  sometimes  necessary  to  know  the  pressure  on  each  portion  of  the  surface  of  an 
aerofoil  in  order  to  determine  the  manner  of  loading.  In  order  to  do  this  a  large  number  of 
small  holes  are  bored  into  the  wing  at  right  angles  to  the  surface  and  each  in  turn  connected 
to  a  pressure  gauge.  As  this  requires  a  long  time  and  the  connections  must  not  be  allowed  to 
interfere  with  the  air  flow,  the  following  methods  have  been  adopted : 

A  method  devised  by  the  National  Physical  Laboratory  consists  in  cutting  a  series  of 
grooves  along  each  surface  of  a  brass  wing  at  right  anglos  to  the  chord.  They  are  about  fa 
inch  wide  and  deep,  and  are  spaced  closest  together  where  the  pressure  gradient  is  steepest, 
but  10  or  12  rows  is  sufficient  to  each  surface.  A  piece  of  yV-inch  steel  hypodermic  tube  in 
each  groove  and  smoothed  off  flush  with  the  surface  with  solder.    (Fig.  44.)    A  series  of  holes 
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are  now  bored  along  the  tubes,  on  half  the  span  only,  as  the  wing  is  symmetrical.  These  holes 
should  be  spaced  nearer  together  at  the  wing  tip  than  at  the  center.  They  should  be  bored 
with  a  No.  70  drill  and  all  burrs  carefully  removed.  The  tubes  should  project  about  J  inch 
beyond  the  wing  tip  on  the  side  away  from  the  holes  in  order  to  make  connections  with  rubber 
tubes  and  yet  not  interfere  with  the  air  flow  on  the  side  where  the  pressure  is  being  taken. 
(Fig.  45.)  The  other  ends  of  the  tubes  are  filed  flush  with  the  surface,  but  are  left  open,  so  that 
a  cleaning  wire  may  be  pushed  through  the  tube.  The  wing  is  placed  in  the  tunnel,  and  each 
row  of  holes  is  connected  to  a  tube  of  a  multiple  manometer.  Every  hole  in  each  row  must 
be  closed  except  one,  which  is  open  to  the  manometer.    This  can  be  done  with  plasticine,  but  as 


Figure  44.  Figure  45. 

this  material  is  rather  difficult  to  remove  better  results  are  obtained  by  using  beeswax  melted  into 
the  holes  with  an  electric  soldering  iron.  The  iron  must  be  kept  at  the  proper  temperature 
to  insuro  good  results,  for  if  it  is  too  cold  the  wax  will  not  close  the  holes  tightly,  and  if  it  is 
too  hot  the  wax  will  run  in  and  fill  the  main  tubes.  Should  this  happen  a  fino  piano  wire 
can  be  forced  through  the  tubes  to  clear  them.  The  holes  can  also  be  sealed  by  small  disks 
of  tissue  covered  with  shellac.  Care  should  be  taken  at  each  change  of  holes,  to  be  sure  that 
each  hole  that  should  be  open  is  clear  and  that  all  the  others  aro  closed.  This  is  easily  determined 
by  blowing  against  the  wing  at  each  hole  with  a  small  rubber  tube  and  watching  the  manometer. 
There  should  be  no  deflection  except  at  the  open  holes. 

Another  method  devised  in  this  country,  although  requiring  a  little  more  work  on  the  model, 
has  the  advantage  that  it  can  be  used  on  thinner  sections,  as  ailerons  and  tail  surfaces,  and 

gives  smoother  surfaces.  Two  blocks  of  brass  about 
\  inch  thick  and  of  sufficient  size  to  construct  the 
wing,  are  trued  up  on  one  face.  These  faces  aro  then 
grooved  at  corresponding  distances  along  the  span 

Figure  40. 

under  each  row  of  holes.  The  grooves  can  be  cut 
with  any  cutter  that  will  give  a  square  or  circular  hole  when  the  two  halves  are  placed  together. 
The  blocks  arc  carefully  tinned  and  are  soldered  face  to  face  with  ^-inch  aluminum  wires  in  the 
grooves  to  prevent  the  solder  filling  them.  The  wires  can  be  removed,  leaving  a  series  of  clear  air 
passages.  Holes  arc  now  bored  through  the  wing  from  face  to  face  with  a  No.  70  drill,  as  shown 
in  figure  46.  The  direction  of  the  holes  should  bo  closely  normal  to  the  finished  surface  of 
the  wing.  The  block  can  now  be  placed  in  the  milling  machine  and  worked  down  as  described 
before.  Small  nipples  are  soldered  to  the  end  of  the  air  passages  on  the  opposite  side  of  the 
wings  from  the  holes  for  the  attachment  of  rubber  tubes,  running  clear  of  the  model.  Small 
tube  should  not  be  used  any  further  than  necessary,  as  it  has  a  heavy  damping  effect  on  the 
gauge. 

When  it  is  desired  to  investigate  the  pressure  on  a  control  surface  the  holes  and  passages 
are  made  in  the  same  way,  but  it  is  now  impossible  to  take  off  the  pressure  on  the  side  of  the 
machine  opposite  from  that  on  which  the  pressure  is  measured.  In  order  to  reduce  the  inter- 
ference to  a  minimum,  fine  steel  hypodermic  tubes  aro  carried  out  several  inches  from  the 
end  of  the  wing  before  the  rubber  tube  is  attached,  as  shown  in  figure  47 
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MODEL  PROPELLERS. 

Model  propellers  are  so  similar  to  full-sized  ones  that  the  same  methods  of  construction 
apply  to  both.  The  method  most  generally  employed  consists  in  making  a  series  of  templates 
to  fit  both  upper  and  lower  surfaces  of  the  blade  at  a  series  of  stations  along  the  radius.  The 
position  of  these  templates  should  be  fixed  by  screwing  them  to  a  plate  squarely  and  with 
their  proper  spacing.  This  allows  all  the  templates  to  be  applied  to  one  face  at  a  time.  A 
series  of  laminations  is  glued  to  the  proper  thickness  and  cut  out  to  the  given  contour.  The 
blades  are  then  worked  down  by  hand  to  fit  the  templates,  a  rather  slow  and  inaccurate 
method,  but  the  best  that  has  been  used. 

Another  method  consists  in  gluing  up  laminations  that  have  first  been  cut  to  the  exact 
size.  The  blades  are  then  trimmed  down  to  the  contour  lines,  thus  determining  the  blade. 
It  is  difficult  to  accurately  cut  the  tip  of  the  blade  in  this  way,  as  the  distance  between 
animations  is  large  in  this  region. 

All  model  propellers  are  laminated  to  prevent  warping,  the  best  woods  being  pine  or 
mahogany,  unless  the  blade  has  any  thin  sections,  when  a  closer-grained  wood  like  maple  is 
better.  A  four-bladed  propeller  should  have  each  pair  of  laminations  halved  together  rather 
than  to  halve  the  whole  propeller,  in  order  to  give  a  more  uniform  support  to  the  blade. 
Each  propeller  should  be  carefully  balanced  and  finished  with  shellac.  A  steel  hub  can  be 
bolted  to  the  propeller  in  the  usual  way.  From  the  aerodynamic  standpoint,  it  is  desirable 
that  the  full-sized  propeller  and  the  model  be  made  from  the  same  material  and  by  the  same 
method,  as  the  deformations  of  the  blades  of  the  two  at  like  peripheral  speeds  should  then 
be  identical. 
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THE  AERODYNAMIC  PROPERTIES  OF  THICK  AEROFOILS  SUITABLE  FOR  INTERNAL 

BRACING. 

By  F.  H.  Norton. 
INTRODUCTION. 

The  object  of  this  investigation  is  the'  determination  of  the  characteristics  of  various 
types  of  wings  having  sufficient  depth  to  entirely  inclose  the  wing  bracing,  and  also  to  provide 
data  for  the  further  design  of  such  sections.  This  typo  of  wing  is  of  interest — first,  because 
it  eliminates  the  resistance  of  the  intorplanc  bracing,  a  portion  of  the  airplane  that  sometimes 
absorbs  one-quarter  of  the  total  power  required  to  fly;  second,  because  it  simplifies  the  construc- 
tion and  assembly  of  the  wing  structure,  and,  third,  because  these  wings  may  be  made  to  give 
a  very  high  maximum  lift.  At  the  present  time,  thick  internally  braced  sections  are  used 
with  considerable  success  on  several  German  machines,  notably  the  Fokker  and  Junker 
biplanes.  This  type  of  wing  was  not  original  with  the  Germans,  however,  for  an  Antoinette 
monoplane  was  built  and  flown  in  France  about  1910,  which  was  entirely  braced  from  inside 
the  wing  section.    This  wing  was  flat  bottomed  and  had  a  maximum  h/c  ratio  of  one-sixth. 

It  was  intended  to  investigate  the  following  subjects: 

1.  Effect  of  changing  the  upper  and  lower  camber  of  thick  aerofoils  of  uniform  section. 

2.  Effect  of  thickening  the  center  and  thinning  the  tips  of  a  thin  aerofoil. 

3.  Effect  of  adding  a  convex  lower  surface  to  a  tapered  section. 

4.  Effect  of  changing  the  mean  thickness  with  constant  center  and  tip  sections. 

5.  Effect  of  varying  the  chord  along  the  span. 

6.  Effect  of  varying  the  thickness  and  chord  in  a  more  complex  manner. 
The  last  subject  is  not  yet  completed  and  will  be  treated  later. 

All  the  sections  in  this  test  unless  otherwise  stated  are  square  ended  3  by  18  inch  models, 
tested  with  an  end  spindle  at  30  M.  P.  H.  and  are  comparable  with  the  tests  of  the  U.  S.  A. 
sections.  Lc  and  Dc  are  in  pounds  per  square  foot  and  M.  P.  H.  units,  and  the  center  of  pressure 
is  given  in  fractions  of  the  chord  from  the  leading  edge.  The  results  have  a  precision  of  about 
1  per  cent. 

THICK  CONSTANT  SECTION  WINGS. 

The  Durand  13  section  gave  such  an  unusually  high  maximum  lift  that  some  slight  changes 
were  made  in  the  uppor  camber  to  determine  its  best  form  and  height.  The  surfaces  were 
made  of  wax,  scraped  to  size  as  described  in  report  No.  74.  As  some  of  these  sections  were 
tested  by  students  and  the  ordinates  were  not  as  accurately  produced  as  in  the  later  sections, 
the  results  of  the  runs  are  not  plotted  here.  (See  the  bulletin  of  the  Experimental  Department 
Airplane  Engineering  Division,  December,  1918.)  They  are  sufficiently  precise,  however,  to 
warrant  general  conclusions.  Except  for  the  higher  and  more  stable  maximum  lift,  these 
sections  gave  results  that  are  in  agreement  with  the  N.  P.  L  tests  on  varying  the  upper  and 
lower  camber. 

On  thick  sections  the  maximum  ordinate  must  be  kept  closely  to  one-third  of  the  chord 
from  the  leading  edge.  Moving  it  farther  back  gives  a  flatter,  but  lower  burble  point,  while 
moving  it  forward  gives  a  lower  and  very  unstable  lift  curve.    With  the  maximum  ordinate 
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one-third  of  the  chord  from  the  leading  edge  and  a  section  similar  to  the  Durand  13,  the  highest 
maximum  lift  is  reached  when  the  greatest  thickness  is  about  0.477  inch  on  a  3-inch  chord. 
Beyond  this  height,  the  lift  curve  is  unstable  and  decreases  with  increase  in  camber  A  section 
was  tried  with  a  thin  trailing  edge,  but  there  was  no  improvement  and  the  lift  curve  had  a  very 
bad  break  in  it.  The  Durand  13  section  was  also  tested  with  a  Constantin  type  of  leading  edge. 
The  lift  increased  rapidly  to  about  10°,  then  slowly  to  about  30°.  The  maximum  Lc  and  the 
maximum  L/D  were  not  improved,  however,  with  this  change.  It  seems  evident  that  the 
best  upper  camber  has  a  maximum  height  of  about  0.477  inch  on  a  3-inch  chord,  one-third  of  the 
way  from  the  leading  edge,  giving  a  maximum  Lc  of  about  0.00400  and  a  maximum  L/D  of  13. 
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The  lower  surface  has  less  effect  on  the  aerofoil  than  the  upper.  As  this  surface  is  made 
more  convex  the  lift  and  the  drag  decrease  until  a  minimum  drag  is  reached  when  the  section 
is  symmetrical.  The  minimum  drag  also  moves  to  lower  angles  as  the  lower  surface  is  made 
more  convex.  The  maximum  L/D  is  not  affected  by  small  changes  in  the  lower  surface,  but 
the  L/D  at  low  angles  is  improved  by  a  small  convex  camber.  One  section  with  a  concave 
lower  surface  was  interesting,  in  that  it  showed  a  positive,  but  unstable,  lift  at  —40°  incidence. 
Its  maximum  value  for  Lc  was  0.00422.  Several  other  irregular  lower  surfaces  were  tried,  but 
showed  no  great  improvement  over  the  flat  lower  surface. 
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The  best  flat  bottomed  section  (used  as  the  master  section,  Fig.  3)  seems  to  be  No.  16,  which 
has  an  h/c  ratio  of  0.158,  a  maximum  Lc  of  (0.00392),  and  a  maximum  L/D  of  (13.1).  The 
lift,  drag,  and  L/D  for  this  section  are  plotted  on  Plot  1  and  the  C.  P.  movement  on  Plot  2. 
To  illustrate  the  decrease  in  wing  area  allowed  by  using  this  wing  section,  we  may  take  as  an 
example  a  high-powered  machine  weighing  4,000  pounds  and  having  a  wing  area  (R.  A.  F.  15 
section)  of  450  square  feet,  a  loading  of  about  9  pounds  per  square  foot.  To  have  the  same 
landing  speed  an  area  of  300  square  feet  would  be  sufficient  with  the  No.  16  section. 

These  wings  of  deep  constant  section  are  satisfactory  in  respect  to  spar  room  and  maxi- 
mum lift,  but  the  L/D  is  about  20  per  cent  lower  than  for  the  wings  used  at  present. 
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Figure  3. 

THE  EFFECT  OF  THICKENING  THE  CENTER  OF  A  THIN  WING. 

The  object  of  this  test  is  to  determine  the  effects  of  thickening  the  center  of  the  span,  and 
thinning  the  tips,  of  a  standard  type  of  section.  All  sections  through  these  wings,  perpendicular 
to  the  leading  edge,  are  similar  to  a  master  section,  a  modified  Durand  13  (Fig.  3).  All  ordinates 
were  obtained  by  reducing  from  the  corresponding  ordinate  of  the  master  section  in  the  same 
proportion  as  the  maximum  ordinate  is  reduced  by  a  smooth  curve  from  the  center  to  the  tip 
of  the  wing.  This  curve  is  nearly  parabolic  with  its  vertex  at  the  center  of  the  span.  All 
sections  were  made  flat  bottomed  for  ease  in  cutting.  There  are  two  series,  No.  40-No.  43, 
where  the  section  at  the  tip  has  a  chord  to  depth  ratio  13,  and  the  center  of  the  span  is  thickened 
successively,  and  No.44-Xo.  46  where  the  tip  has  i  chord  to  depth  ratio  of  25  and  the  center 
is  successively  thickened  in  the  same  way  except  (hat  the  deepest  section  is  omitted  because 
of  its  obvious  unsuitability  as  shown  by  No.  43.  The  center  of  the  pressure  travel  was  not 
plotted  for  sections  No.  44-No.  46  because  it  wa  i  thought  that  nothing  of  interest  would  be 
shown.  The  models  were  constructed  of  maple:  3  by  18  inches  and  were  within  0.005  inch 
of  the  ordinates j*iven  in  the  following  tables.    Lc  and  Dc  (Plots  4  and  5)  and  L/D  (Plots,6_&nd 
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7)  are  plotted  against  angle  of  incidence  for  each  case.  Where  the  curve  was  discontinued,  a 
sharp  break  was  made,  as  a  fairer  representation  than  a  smooth  curve.    On  Plot  8  the  L/D 

Lc  •  .r 

is  also  plotted  against  T         .   as  giving  most  readily  the  comparative  merits  of  the  various 

xjC  1X1  flX. 

sections.  A  fast  machine  must  fly  at  2  to  3  times  its  minimum  speed  so  that  a  high  speed 
wing  must  have  a  high  L/D  at  one-fourth  to  one-ninth  of  the  maximum  Lc.  The  center  of 
pressure  travel  for  sections  No.  40-No.  43  is  plotted  in  the  usual  manner  (Plot  9).    Figure  3 
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shows  the  master  section  and  Figure  10  shows  the  front  profile  of  the  wings.  Although  drawn 
to  6cale,  they  arc  not  intended  as  accurate  representations  of  the  wings,  but  simply  to  show 
the  relative  shape  of  the  sections. 

The  following  facts  are  evident  from  the  curves: 

Lift. — As  the  wing  is  thickened  in  the  center,  the  lift  curve  shifts  to  the  left  and  the  maxi- 
mum lift  increases  until  h/c  in  the  center  of  about  0. 1 58  is  reached,  after  which  the  flow  is  unstable 
and  the  maximum  rapidly  decreases.    Thinning  the  tips  shifts  the  lift  curve  toward  the  right, 
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Figure  10 
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lowers  and  flattens  the  maximum,  except  where  the  wing  is  already  thin,  in  which  case  the 
maximum  is  unchanged.  Sections  No.  42  and  No.  45  show  quite  a  high  maximum,  0.00378 
and  0.00345  as  compared  with  0.00258  for  the  constant  section  wing  (No.  40).  Sections  No.  42 
and  No.  43  show  a  break  in  the  air  flow  that  is  common  in  many  thick  sections.  At  certain 
angles  of  incidence  there  may  be  two  or  even  more  types  of  flow.  This  condition  is  somewhat 
analogous  to  a  supersaturated  solution,  as  a  given  type  of  flow  can  be  carried  beyond  its  normal 
point  of  breaking  if  the  angle  of  incidence  is  changed  slowly  and  carefully,  but  if  jarred  or  left 
for  a  considerable  time  will  revert  to  its  stable  value.  This  instability  is  lessened  and  in  some 
cases  disappears  with  an  increase  in  velocity  to  40  M.  P.  H.  This  instability  of  flow  is  also 
associated  with  aspect  ratio,  for  even  the  Ft.  A.  F.  G  shows  a  break  in  the  lift  curve  at  very  low 
aspect  ratios. 
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Drag. — The  minimum  drag  decreases  with  the  thickness  of  the  center  section,  reaching 
the  rather  low  value  of  0.0048  for  No.  44.  The  thinner  sections,  however,  show  a  pronounced 
increase  in  drag  at  high  angles,  14°  to  20°,  in  fact,  exceeding  the  drag  of  the  thicker  wings. 
Thinning  the  tips  decreases  the  drag  at  all  anglee. 

LID. — The  L/D  increases  at  all  angles  as  the  wing  is  thinned  down.  With  reference  to 
Plot  —  the  thickest  wing,  No.  43,  gives  a  comparatively  poor  performance,  while  the  thinnest, 
No.  44,  is  shown. to  be  most  excellent  in  this  respect;  the  other  sections  falling  between  them. 
The  max.  L/D  ranges  from  13  to  18.2,  increasing  progressively  as  the  wing  is  thinned. 

Center  of  pressure. — The  center  of  pressure  travel  becomes  less,  and  the  C.  P.  is  slightly 
farther  to  the  rear  as  the  thickness  is  increased.  The  travel  on  No.  40  lies  28  per  cent  from 
the  leading  edge  at  12°  and  51  per  cent  at  0°  while  on  No.  43  it  moves,  between  the  same  angles, 
from  35  to  47  per  cent. 
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This  test  shows  that  a  thin  flat-bottomed  wing  (No.  40)  may  be  thickened  in  the  center 
until  an  hjc  ratio  of  0.158  is  reached  (No.  42),  with  an  increase  in  maximum  lift  of  50  per  cent 
and  a  decrease  in  the  maximum  L/D  of  IS  per  cent  and  in  the  L/D  at  one-ninth  maximum  Lc 

1 


If  at  the  same  time  the  tip  is  thinned  to  an  hjc  ratio  of  0^  (No.  4G)  the  maximum 


of  30  per  cent. 

lift  is  increased  32  per  cent  the  maximum  L/D  is  reduced  12  per  cent  and  the  L/D  at  one-ninth 
maximum  Lc  is  reduced  18  per  cent  as  compared^with  No.  40.    The  thickness  can  not  be 
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increased  beyond  this,  for  the  maximum  Lc  and  L/D  fall  off  rapidly.  If  a  flat-bottom  section 
(No.  40)  1)0  thinned  at  the  tips  to  an  h/c  ratio  of  one-twenty-nfth  (No.  44)  the  maximum  lift  is 
unchanged  but  the  maximum  L/D  is  increased  G  per  cent  and  the  L/D  and  one-ninth  maximum 
Lc  is  increased  20  per  cent.  The  wing  is,  of  course,- of  no  use  for  internal  bracing,  but  is  included 
jn  this  report  to  complete  the  series. 

There  is  no  particular  reason  why  these  sections  should  be  compared  to  No.  44,  as  this  was 
simply  a  reduction  of  the  matter  section  to  the  thickness  of  an  average  wing.  It  happens  to 
have  a  fairly  good  L/D  and  a  rather  low  maximum  lift.    For  a  more  general  comparison,  section 
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No.  46,  the  most  practical  section  for  internal  bracing,  can  be  compared  with  a  high  lift  section, 
U.  S.  A.  2.  Section  No.  4C  has  a  7  per  cent  increase  in  maximum  lift  and  a  3  per  cent  decrease 
in  Tfiximum  L/D  over  the  U.  S.  A.  2,  and  the  L/D  at  one-ninth  maximum  Lc  is  30  per  cent 


higher  on  section  Xo.  45. 
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THE  EFFECT  OF  ADDING  A  CONVEX  LOWER  SURFACE  TO  A  THICK  TAPERED  WING. 

As  the  limit  of  thickness  is  reached  with  a  flat-bottomed  section  when  h/c  equals  0.158, 
it  is  intended  to  determine  the  effect  of  adding  a  convex  lower  sin-face  to  wings  Xo.  46  and  No. 
51,  so  that  the  h/c  ratio  will  bo  increased  to  one-fifth  at  the  center  (Fig.  16).  These  sections, 
No.  50  and  No.  53,  have  the  lower  surface  reduced  in  the  same  manner  as  the  upper  surface 
is  reduced  in  going  from  the  center  to  the  tips.    The  spar  room  is  increased  25  per  cent  and  the 
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general  performance  of  the  section  is  improved  by  this  addition,  making  this  one  of  the  few 

changes  that  are  both  structurally  and  aerodynamically  beneficial. 

Adding  a  convex  lower  surface  of  this  type  gives  the  following  results: 

Lift. — The  maximum  Lc  is  reduced  3  to  6  per  cent.    The  lift  is  reduced  at  ad  angles,  but 

at  0°  to  4°  is  quite  high,  giving  a  decided  hump  to  the  curve  at  this  point.    This  characteristic 
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Figure  10. 


was  noticed  when  a  convex  lower  surface  was  added  to  the  Durand  13.  Section  No.  50  gave  an 
unstable  burble  point  at  30  M.  P.  H.,  but  at  40  M.  P.  H.  gave  a  very  flat  maximum  with  the 
same  value  of  Lc.    (Plots  11  and  12.) 
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Drag. — The  drag  is  lowered  at  all  angles  except  near  the  burble  point,  and  the  position  of 
the!  minimum  is  moved  to  more  negative  angles.  The  minimum  is  lowered  abou-;  20  per  cent, 
and  has  a  flatter  curvature  (Plots  11  and  12). 
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l/D  —The  maximum  L/D  is  reduced  1  or  2  per  cent,  but  the  L/D  at  one-quarter  maximum 
Lc  is  increased  10  per  cent,  and  that  at  one-ninth  maximum  Lc  35  per  cent  (Plots  13  and  14). 

Center  <f  pressure  travel. — The  center  of  pressure  travel  for  No.  50  is  plotted  in  Plot  15, 
and  shows  no  difference  from  the  travel  on  thin  sections. 
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Both  of  these  sections  are  excellent  from  every  point  of  view.  They  allow  room  for  ample 
spars  (10-inch  depth  on  a  5-foot  chord),  have  a  high  maximum  Lc,  a  maximum  L/D  only  slightly 

lower  than  the  average  for  thin  wings,  yet  have  an 
L/D  at  low  values  of  Lc  that  is  only  exceeded  by  a 
few  thin  sections.  Section  No.  50  gives  the  higher 
maximum  lift  and  the  greater  room  for  spars,  but 
No.  53  gives  the  higher  efficiency. 
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THE  EFFECT  OF  VARYING  THE  MEAN  THICKNESS  IN  A 
SERIES  OF  WINGS  WITH  CONSTANT  TIP  AND  CENTER 
SECTIONS. 


The  object  of  this  series  was  the  determination  of 
the  effects  due  to  thinning  the  wing  more  or  less 
rapidly  from  the  center  to  the  tips.  Front  profiles 
of  these  sections  (Nos.  46,  51,  52)  are  shown  on 
figure  17. 

The  following  facts  are  evidont  from  this  test: 
Lifl, — The  lift  is  everywhere  decreased  as  the  soction  is  thinned  and  all  the  sections  show  a 
flat  burble  point.    The  lift  does  not  decrease  as  rapidly  as  the  thickness,  for  the  lift  is  approach- 
ing the  limiting  value  of  a  flat  plate.    (Plot  18.) 
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Brag. — The  drag  at  low  angles  decreases  with  the  thickness,  hut  less  rapidly  as  the  wing 
becomes  thinner.  It  is  interesting  to  notice  that  above  12°  the  thicker  wing  has  the  least 
drag.    (Plot  18.) 
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i/Z>. — The  maximum  L/D  increases  as  the  wing  is  thinned,  reaching  17.4  for  No.  52.  At 
low  angles  the  efficiency  is  increased  in  the  same  way.    At  high  angles,  however,  the  thicker 


wings  are  the  more  efficient.    (Plots  19  and  20.) 
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Conclusions. — The  results  obtained  from  this  series  show  that  these  wings  have  properties 
in  general  in  close  agreement  with  those  of  a  uniform  mean  section.  The  more  strongly  tapered 
ones  show,  however,  an  evidently  greater  efficiency  at  low  angles  than  the  mean  uniform  section 
would  indicate. 
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WINGS  WITH  VARYING  CHORD. 

The  wind  tunnel  investigations  of  wings  that  have  a  chord  which  varies  along  the  span  is 
a  rather  difficult  problem,  because  of  the  great  alteration  in  the  properties  of  similar  aerofoils, 
when  the  chord  is  changed.  It  seems  evident,  at  least  with  thick  sections,  that  the  chord  can 
not  be  reduced  to  less  than  2  inches  at  30  M.  P.  H.  without  introducing  a  break  in  the  air  flow 
that  materially  reduces  the  value  of  the  maximum  lift.  For  instance,  a  wing  with  a  2-inch  chord 
at  the  tip  and  a  3-inch  mean  chord,  gives  a  uniformly  better  performance  than  a  similar  constant 
section  wing,  but  if  the  tip  is  reduced  to  If  inches,  with  the  same  mean  chord,  the  performance 
is  markedly  inferior  to  the  constant  section  wing.  Again,  section  No.  49  (Plots  21,  22,  23), 
having  a  24-inch  span  and  a  H-inch  chord  at  the  tip,  gave  a  maximum  Lc  0.00360,  but  when 


0       .1     .<?     .3     .4     .5     .6      .7     .8     .9  1.0 


p/ofao  ~6'   '*'   ~2°     °'    *'    4'    6'     8°    I"'   «*    /■*"  'f    16'  20' 

LcMox.  P/ot2/.  Angle  of  chord  to  wind. 

3  inches  were  cut  off  of  each  tip,  leaving  an  lS-inch  span  and  a  2-inch  chord  at  the  tip  (Fig.  24), 
the  maximum  Lc  was  increased  to  0.00413.  This  does  not  prove,  however,  that  on  a  full-sized 
machine,  where  the  LV  is  large,  a  small  chord  at  the  tip  is  a  disadvantage. 

For  this  same  reason  it  seems  probable  that  wind-tunnel  tests  on  wings  with  raked  and 
rounded  tips,  although  showing  a  considerable  advantage  over  a  square  tip,  do  not  show  as 
comparatively  great  an  improvement  as  actually  occurs  on  the  full-sized  machine.  In  order 
to  investigate  this  matter  fully,  a  series  of  similar  sections  should  be  tested  with  the  greatest 
possible  range  in  LV. 

This  subject  of  varying  the  chord  was  taken  up  not  so  much  with  the  hope  of  improving  the 
•aerodynamic  properties  of  the  wing,  but  because  of  the  structural  advantages  possessed  by 
this  type  of  wing.    When  the  chord  is  diminished  at  the  tip  and  increased  at  the  center,  not  only 
is  the  spar  depth  increased  at  the  center,  but  the  center  of  lift  of  the  wing  is  brought  closer  to  the 
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body,  thus  decreasing  the  bending  moment  in  the  spars.  If  the  wing  is  tapered  sufficiently,  the 
spars  can  be  brought  together  at  the  tips  as  in  the  German  Ago,  simplifying  and  iticreasing  the 
rigidity  of  the  drag  truss. 


PLAN 


FORM 
'43 


Figure  24. 


In  comparing  sections  16  and  48  (Plots  21,  22,  23)  it  is  seen  that  the  section  ■with  a  varying 
chord  has  5  per  cent  higher  maximum  lift  and  substantially  the  same  L/D  at  all  points.  When 
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the  L/D  is  plotted  against  r-  ^ax~  it  is  evident  that  the  constant  section  wing;  is  inferior  in 

efficiency  at  every  point.  There  was  time  for  only  a  very  limited  study  of  this  subject,  but 
the  results  show  enough  promise  to  deserve  further  investigation. 
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SUMMARY. 

It  is  a  rather  difficult  matter  to  compare  the  properties  of  the  different  sections  tested 
because  of  the  number  of  variables  present.  It  was  thought  that  a  comparison  could  be  best 
made  by  plotting  the  mean  thickness  of  the  wing  against  the  Lc,  Dc,  and  L/D  for  various  angles 
of  incidence,  and  against  L/D  for  various  values  of  Lc.  Instead  of  using  the  actual  thickness 
of  the  wing  the  ratio  of  the  span  to  the  mean  thickness  is  used,  and  will  be  termed  thickness 
ratio.  In  this  report  the  term  will  be  applied  only  when  the  aspect  ratio  is  six.  Another 
characteristic  of  the  wing  is  the  ratio  of  the  mean  thickness  of  the  wing  to  the  maximum  thick- 
ness, or  amount  of  taper.    These  characteristics  for  a  number  of  the  wings  are  tabulated  below: 


Wing  No. 

Mean 

Thickness 

Mean  ord. 

thickness. 

ral  io. 

Max.'ord. 

0.230 

78.3 

1.000 

.314 

57.3 

.980 

.399 

45.1 

.837 

.483 

37.3 

.805 

.191 

94.3 

.830 

.271 

66.5 

.768 

.351 

51.3 

.737 
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60.4 

.625 
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On  plots  25  to  28  the  properties  of  these  wings  are  plotted  against  thickness  ratio.  It  was 
not  expected  that  the  points  would  lie  on  a  smooth  curve,  but  it  was  hoped  that  there  would 
be  enough  regularity  to  determine  a  mean  line,  from  which  the  deviation  of  the  points  could 
be  studied. 


353215— S.  Doc.  166,  66-2  49 
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It  is  seen  from  plot  25  that  the  lift  coefficient  decreases  with  an  increase  of  thickness  ratio, 
and  of  courso  will  approach  the  values  for  a  flat  plate.  As  the  thickness  ratio  is  decreased  below 
50  the  Lc  at  low  angles  begins  to  increase  rapidly,  but  at  high  angles  increases  less  rapidly  and 
at  the  highest  lift  has  reached  a  maximum  at  about  37.  It  is  interesting  to  notice  that  wings 
Nob.  43  and  16,  having  practically  the  same  mean  thickness,  lie  clcsidy  together  up  to  6°, 
after  which  the  flow  breaks  on  the  former  and  its  lift  values  at  high  angles  are  very  low.  All 
the  other  points  lie  closely  to  the  mean  curves  and  show  nothing  of  interest. 

On  plot  26  it  is  soen  that  the  drag  at  low  angles  incrcas  s  as  the  thickness  ratio  decreas  s, 
but  at  10°  the  drag  is  a  minimum  when  the  thickness  ratio  is  80,  and  at  14°  when  it  is  50.  At 
low  angles  the  drag  is  quite  regular,  but  at  high  angles  the  points  do  not  lie  on  a  smooth  curve. 
As  would  be  expected,  wing  No.'  43  has  abnormally  high  values  of  drag  above  6",  but  below 
this  agrees  well  with  No.  16.  Wing  No.  52,  and  to  a  lesser  extent  No.  51,  show  an  unusually 
low  drag  at  small  angles  and. a  large  drag  at  high  angles.  From  the  table  above  it  will  be  noticed 
that  these  two  wings  have  the  greatest  taper  of  any. 


The  points  on  plot  27  are  naturally  less  regular  than  on  the  others,  but  it  is  evident  that 
the  efficiency  increases  with  the  thickness  ratio  between  2°  and  8°,  but  at  lower  and 
higher  angles  it  occurs  at  a  lower  thickness  ratio.  The  efficie'ney  is  higher  with  the  thicker 
wings  at  0°  only  because  this  angle  is  farther  from  the  angle  of  zero  lift  on  the  thick  wings  and 
not  becaxise  these  wings  are  more  efficient  at  high  speeels.  At  high  angle  s,  however,  wings  with 
a  thickness  ratio  of  about  50  are  the  most  efficient. 

This  is  shown  more  clearly  on  plot  28  where  the  efficiency  is  plotted  against  thickness 
ratio  for  various  values  of  Lc.  For  low  values  of  Lc  the  efficiency  increases  steadily  with  the 
thickness  ratio,  but  at  Lc  of  0.0014  the  efficiency  reaches  a  maximum,  which  me)vcs  to  lower 
values  of  thickness  ratio  as  the  Lc  increases.  Again  Nos.  52  and  51  show  an  abnormally  high 
efficiency  at  low  and  medium  values  of  Lc.  No.  16  shows  a  slightly  higher  L/D  at  all  angles 
than  No.  43. 
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It  may  be  concluded  from  these  curves  that  the  arcodynamic  properties  of  a  series  of 
similar  wings  depend  in  a  regular  way  on  the  mean  thickness,  no  matter  what  the  taper.  It 
seems  possible  then  to  predict  the  properties  of  any  varying  section  wing  with  fair  accuracy 
from  a  study  of  similar  constant  section  wings.  It  is  impossible,  however,  to  exceed  at  any 
point  of  the  wing  an  h/'e  ratio  of  0.159  without  exceeding  the  critical  value.  Therefore,  in  order 
to  obtain  the  highest  maximum  lift,  the  wing  should  be  of  constant  section.  Wings  that  have  a 
considerable  degree  of  taper  appear  to  have  better  high-speed  properties  than  uniform  section 
wings.   This  improvement  is  not  very  large  but  is  well  outside  the  experimental  error. 

In  order  to  show  clearly  the  relative  properties  of  the  various  sections  tested  and  their 
relation  to  the  usual  types  of  wings,  their  more  important  characteristics  are  tabulated  below, 
together  with  a  few  repcrsentative  thin  sections: 


Section  No. 

Maximum 
Le. 

Maxi- 
mum 
LID. 

i./d  at  } 
m 

mum  I.e. 

L/D  at  1 

m»\i- 
mum  I.e. 

L'  at 
maximum 
LID. 

LID  at 
maxi- 
mum I.e. 

Minl- 
in  "in 
Dc. 

Maxi- 
mum 

hlc 

40  

0. 00289 

17.2 

11.5 

4  8 

0.00131 

fl  0 

0  000056 

0  077 

41  

.00318 

15.9 

10.2 

4  2 

.00150 

9.6 

.000072 

.118 

42  

.00378 

14.1 

0.6 

3  8 

.00170 

9.3 

.  00.1035 

.159 

«  

.00236 

13  0 

4.6 

1  5 

.00187 

12  0 

.000109 

.200 

44  

. 00238 

IX.  2 

13  6 

5  8 

.00125 

5  6 

.  II010IS 

.077 

.002:17 

16.4 

10.6 

4  4 

.00141 

9.0 

.00.1070 

.118 

.01315 

15  2 

8.8 

4  0 

.001  (',6 

8.3 

.0000x3 

.  159 

50  

.O032S 

14  0 

11.5 

5.2 

.00155 

7.9 

.  oonoiio 

.201) 

Si  

.  00302 

10  2 

11.5 

4  5 

■0015S 

5  7 

.000087 

.159 

52  

.  00272 

17.3 

12  5 

5  0 

.00141 

8  7 

.0311054 

.  159 

S3  

.00232 

Hi  2 

12  6 

5.7 

.01145 

7.6 

.  0DOA57 

.200 

.00113 

13  3 

10  0 

3.9 

8  2 

.  aioios 

.212 

10  

.00392 

13.2 

9.0 

3.6 

.ornsx 

6.9 

.0001 OX 

.159 

K.  A.  F.  0... 

.  00301 

16  0 

11.0 

4.2 

.00123 

6.9 

. 000068 

.068 

It.  A.  F.  15.. 

. 00209 

15  8 

13  0 

6.3 

.00103 

9.5 

. oooois 

.057 

1'.  S.  A.  2... 

.00322 

15  7 

8.S 

3  1 

.ooir.2 

9  3 

.onooxx 

.063 

U.  S.  A.l... 

.00278 

16.7 

12.3 

5  4 

.00130 

9.6 

.  000058 

.057 

In  comparison  with  the  usual  types  of  thin  sections  a  thick  uniform  section  like  No.  16 
shows  the  following  dill'erences: 

1.  Thick  sections  may  give  50  per  cent  higher  maximum  lift. 

2.  Thick  sections  are  more  likely  to  give  an  unstable  now  at  large  angles  of  incidence. 

3.  On  thick  sections  the  angle  of  no  lift  occurs  at  lower  angles  of  incidence  and  the  burble 
point  nt  higher  angles,  thus  extending  the  angular  living  range. 

4.  Thick  sections  have  a  hatter  drag  curve;  that  is,  the  minimum  drag  is  higher,  but 
Dc  rises  less  rapidly  on  either  side  of  the  minimum. 

5.  The  L/D  curve  for  thick  sections  is  (latter  than  for  thin  sections,  rising  to  a  lower  maxi- 
mum, but  holding  a  value  close  to  its  maximum  at  high  and  low  angles  of  incidence. 

6.  The  center  of  pressure  travel  of  thick  sections  is  further  to  the  rear  and  of  less  extent 
than  on  thin  sections. 

7.  Thick  sections  are  more  efficient  at  high  angles  of  incidence. 

The  best  tapered  sections  give  lower  maximum  L/D  than  the  thin  sections,  but  the  efficiency 
at  all  other  points  is  as  good. 

By  tapering  the  wing  hoth  in  plan  form  and  thickness  it  should  be  possible  to  construct  a 
wing  which  has  an  h/c  ratio  in  the  center  (mean  chord)  of  0.270  and  aerodynamic  properties 
comparing  quite  favorably  with  the  thin  sections  used  now.  This  thickness  would  make 
possible  the  use  of  14-inch  spare  on  a  5-foot  mean  chord.  A  tapered  wing  has  the  advantage 
of  having  the  greater  part  of  the  lift  on  the  portion  of  the  wing  close  to  the  body,  due  both  to 
the  greater  area  and  to  higher  lift  sections  at  this  part  of  the  wing,  thus  decreasing  the 
bending  moment  in  the  spars. 
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To  illustrate  the  value  of  thick  wings  on  a  machine,  the  performance  is  plotted  for  a  400 
H.  P.  3,600-pound  biplane,  using  first  a  R.  A.  F.  6  section  with  the  usual  wing  bracing,  second, 
section  53  with  the  same  bracing,  and  third,  53  without  external  bracing.  No  corrections 
were  added  to  the  data  from  wind  tunnel  tests,  as  only  comparative  results  were  required. 


Section 
loading  (coefficient  of  parasite 
resistance). 

R.  A.  F.  6, 
9.1  pounds,  square  feet 

o.rao. 

No 

8.8  pounds 
0.0 
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pnttM  feet 
30. 
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It,  P.  B.) 
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2  
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2  

92 
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90 
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90 

89 

4  

79 

93 

77 

89 

77 

60 

8  

63 

68 

64 

69 

64 

56 

12  

56 

65 

5C 

66 

50 

57 

16  

55 

92 

55 

81 

55 

72 

From  the  H.  P.  curves  plotted  below  (Plot  29),  assuming  a  curve  of  available  II.  P.,  the 
following  summary  is  obtained: 


Section. 

Maximum  speed. 

Minimum  power. 

Climb. 

R.A.F.6  

No.  53  

122  M.  P.  H  

120  M.  P.  H  
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Q)-/1.P  Required  wirh  A/o.  53 

Wing  and  no  interplone 

Bracing. 
®-fi.P  Available. 

(7) 

© 
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4- 

50  60 
Plot 23. 
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Compared  with  the  R.  A.  F.  6,  No.  53  section  under  the  same  conditions  of  structural 
resistance  gives  the  same  power  to  climb  and  increases  the  maximum  speed  4  M.  P.  II.  With- 
out interplane  bracing  this  section  increases  the  climb  about  20  per  cent  and  the  maximum 
speed  from  122  to  140  M.  P.  II. 

It  seems  evident  from  these  tests  on  models  that  wings  may  be  designed  with  ample  room 
for  cantilever  spars  and  have  at  the  same  time  aerodynamic  properties  comparing  favorably 
with  the  thin  sections  used  now. 

This  subject  of  varjnng  section  wings  is  so  large  that  only  a  beginning  has  been  made  in 
this  report,  for  there  is  an  almost  infinite  number  of  variables  to  study.  The  results,  however, 
show  enough  promise  to  warrant  further  research  with  wings  in  which  the  chord  and  thickness 
arc  varied  in  a  more  complex  manner.  The  thick  tapered  wings  should  also  be  tested  on  full- 
sized  machines. 
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Ordinates for  No.  40. 


Chord  station. 

Chord  station. 

0. 044 
.094 
.132 
.100 
.181 
.186 
.207 
.210 
.223 
.228 
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120  

0.228 
.221 
.207 
.190 
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.147 
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.094 
.  065 
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10  

140  

20  

100  

30  

40  

2O0  

50  

220  

60  

240  

200  

80  

90  

300  

The  lower  surface  is  plane  and  ordinates  given  are  the  distances  olthe  upper  surface  above  this  in  inches. 


Ordinates  for  No.  41. 


Distance  from  center  of  span  in  inches. 

Chord  station. 

0 

3 

5 

7 

0 

00  

0.070 

O.Or-7 

0.004 

0.057 

0.044 

10  

.145 

.140 

.132 

.118 

.094 

20  

.202 

.  190 

.185 

.165 

.132 

30  

.240 

.238 

.225 

.200 

.  m 

40  

.278 

.170 

.254 

.227 

.181 

50  

.301 

.292 

.275 

.245 

.196 

oo  

.318 

.309 

.291 

.210 

.207 

70  

.333 

.323 

.304 

.271 

.216 

.343 

.333 

.313 

.280 

.223 

90  

.350 

.339 

.319 

.285 

.228 

.353 

.313 

.323 

.288 

.230 

120  

.350 

.339 

.319 

.285 

.228 

140  

.340 

.329 

.310 

.277 

.221 

im  

.318 

.309 

.291 

.2G0 

.207 

180  

.292 

.283 

.21)7 

.238 

.190 

200  

.213 

.255 

.239 

.213 

.170 

22.)  

.226 

.219 

.207 

.184 

.147 

210  

.187 

.181 

.171 

.152 

.121 

21*0  

.144 

.140 

.132 

.118 

.094 

2S0  

.100 

.097 

.091 

.081 

.065 

300  

.050 

.049 

.046 

.041 

.032 

This  lower  surface  is  plane  and  ordinates  given  are  the  distances  of  the  upper  surface  above  this  in  inches. 


Ordinates  for  No.  42. 


Distance  from  center  of  span  in  inches. 

Chord  station. 

0 

3 

S 

7 

9 

0.035 

0. 091 

0.083 

0.069 

0.014 

10  

.195 

.187 

.170 

.142 

.091 

20  

.273 

.201 

.2(0 

.199 

.132 

30  

.332 

.319 

.290 

.242 

.1143 

40  

.375 

.359 

.328 

.273 

.181 

50  

.106 

.389 

.355 

.290 

.190 

CO  

.430 

.412 

.376 

.313 

.207 

70  

.419 

.430 

.393 

.327 

.216 

80  

.4H3 

.442 

.405 

.337 

.223 

90  

.472 

.452 

.414 

.314 

.228 

100  



.477 

.457 

.417 

.318 

.230 

.472 

.452 

.412 

.314 

.228 

no  

.458 

.439 

.402 

.331 

.221 

vx  

.430 

.412 

.376 

.313 

.207 

IPO  

.394 

.377 

.315 

.287 

.160 

200  

.353 

.338 

.309 

.257 

.170 

220  

.305 

.292 

.267 

.222 

.147 

2.0  

.252 

.212 

.221 

.183 

.122 

2C0  

.195 

.187 

.171 

.142 

.091 

280  

.131 

.128 

.117 

.098 

.065 

300  

.068 

.064 

.OCO 

.019 

.032 

The  lower  surface  is  plane  and  ordinates  given  are  the  distances  of  the  upper  surface  above  this  in  inches. 
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Ordinate!  for  No.  4$. 


Distance  from  center  of  span  in  inches. 


00.. 
10.. 
20.. 
30.. 
40.. 
50.. 
00.. 
70.. 
SO.. 
90.. 
100. 
120. 
140. 
ICO. 
180. 
200. 
220. 
210. 
200. 
2S0. 
300. 


Chord  station. 


0 

3 

5 

7 

0.119 

0. 113 

0.107 

0  081 

0.014 

.215 

.233 

.208 

.165 

.091 

.311 

.327 

.293 

.232 

.132 

.117 

.397 

.351 

.281 

.161 

.472 

.448 

.401 

.318 

.181 

.511 

.485 

.431 

.315 

.196 

.511 

.514 

.460 

.364 

.207 

.505 

.536 

.480 

.381 

.216 

.582 

.553 

.495 

.393 

.223 

.591 

.504 

.505 

.102 

.22S 

.000 

.570 

.510 

.405 

.230 

.591 

.504 

.505 

.402 

.22S 

.677 

.517 

.490 

.389 

.222 

.511 

.514 

.410 

.366 

.207 

.495 

.472 

.421 

.331 

.1P0 

.444 

.422 

.377 

.300 

.170 

.381 

.305 

.326 

.259 

.147 

.317 

.301 

.269 

.214 

.122 

.215 

.233 

.208 

.105 

.031 

.109 

.iro 

.144 

.113 

.065 

.034 

.OSO 

.072 

.057 

.032 

The  lower  surface  is  plane  and  ordinatcs  given  are  the  distances  of  the  upper  surface  above  this  in  inches. 


Ordinates  for  No.  44. 


Chord  station. 


00.. 
10.. 
20.. 
30.. 
40.. 
50.. 
60... 
70.. 
80.. 
90.. 
100. 
120. 
140. 
160. 
180. 
200. 
220. 
240. 
260. 
280.. 
300., 


Distance  from  center  of  span  in  inches. 


0 

3 

5 

7 

»■ 

0.014 

0  012 

0.037 

0.031 

0.021 

.091 

.089 

.O^O 

.067 

.019 

.132 

.125 

.112 

.091 

.069 

.  UO 

.152 

.136 

.113 

.081 

.181 

.172 

.151 

.128 

.091 

.196 

.186 

.167 

.139 

.102 

.207 

.190 

.176 

.147 

.108 

.216 

.201 

.181 

.153 

.113 

.223 

.211 

.ISO 

.158 

.117 

.228 

.210 

.194 

.162 

.119 

.230 

.218 

.190 

.1C3 

.120 

.228 

.216 

.194 

.162 

.119 

.221 

.209 

.188 

.157 

.116 

.207 

.196 

.176 

.147 

.108 

.190 

M 

.162 

.135 

.099 

.170 

.161 

.145 

.120 

.089 

.147 

.139 

.126 

.101 

.077 

.122 

.115 

.101 

.086 

.on 

.091 

.089 

.O'O 

.067 

.019 

.065 

.  062 

.055 

.016 

.031 

.032 

.TBI 

.027 

.023 

.017 

Ordinates  for  No.  45. 


Distance  from  center  of  span  in  inches. 


00.. 
10.. 
20.. 
30.. 
40.. 
50.. 
CO.. 
70.. 
80.. 
90.. 
100. 
120. 
140. 
1G0. 
180. 
200. 
220. 
240. 
260. 
280.. 
300.. 


Chord  stalion. 


0 

3 

5 

7 

9 

0.070 

0.065 

0  056 

0.012 

0.021 

.145 

.131 

.115 

.0S7 

.019 

.202 

.189 

.161 

.121 

.069 

.210 

.228 

.190 

.148 

.081 

.278 

.258 

.221 

.167 

.091 

.301 

.279 

.2  0 

.  ISO 

.102 

.318 

.296 

.253 

.191 

.108 

.333 

.309 

.263 

.200 

.113 

.314 

.318 

.273 

.200 

.117 

.350 

.321 

.279 

.210 

.119 

.353 

.327 

.281 

.212 

.120 

.350 

.321 

.278 

.210 

.119 

.310 

.313 

.271 

.201 

.116 

.318 

.295 

.253 

.191 

.108 

.292 

.270 

.232 

.175 

.099 
.089 

.261 

.212 

.207 

.158 

.226 

.210 

.  ISO 

.130 

.077 

.187 

.174 

.149 

.112 

.063 

.141 

.133 

.115 

.087 

.019 

.100 

.093 

.079 

.OCO 

.031 

.050 

.010 

.010 

.030 

.017 

The  lower  surface  is  plane  and  ordinates  given  arc  the  distances  of  the  upper  surface  above  this  in  inches. 


AERODYNAMIC  PROPERTIES  OF  THICK  AEROFOILS. 
Ordinates for  No.  46. 


Chord  station. 


Distance  from  center  of  span  in  inches. 


0  1  0.0% 

10   .195 

20   .273 

30   .332 

40   .375 

50   .406 

00   .430 

70   .449 

80   .4B3 

90   .472 

100   .477 

120   .472 

140  •   .458 

180   .430 

ISO   .394 

200   .353 

220   .305 

210  1  .252 

260  :   .195 

280   .134 

300  1  .008 


O.0S7 
.179 
.250 

.3a; 

.314 
.373 
.335 
.413 
.425 
.433 
.437 
.433 
.420 
.395 
.3IU 
.321 

,:80 

.231 
.179 
.123 
.002 


0.073 
.150 
.211 

.250 

.289 
.312 
.331 
.316 
.356 
.363 
.367 
.3«3 
.353 
.331 
.313 
.271 
.235 
.194 
.150 
.103 
.052 


0. 052 
.108 
.150 
.183 
.206 
.223 
.236 
.247 
.254 
.259 
.262 
.259 
.252 
.236 
.217 
.194 
.168 
.139 
.107 
.074 
.037 


0.024 
.019 
.069 
.084 
.094 
.102 
.108 
.113 
.117 
.119 
.120 
.119 
.116 
.108 


.077 
.003 
.049 
.034 
.017 


The  lower  surface  is  plane  and  ordinates  given  arc  the  distances  of  tlic  upper  surface  above  this  in  inches. 
Ordinates  of  undersurface  No.  50. 


Chord  station . 


0.. 
10. 
20. 
30. 
40. 
50. 
(SO. 
70. 
80. 
90. 
100 
120. 
140 
160 
183. 
200 
220 
240. 
260. 
280, 
300. 


Distance  from  center  of  span  in  inches. 


0.000 
.023 
.012 
.060 
.074 
.090 
.100 
.109 
.116 
.121 
.123 
.121 
.118 
.110 
.100 
.087 
.073 
.058 
.040 
.020 
.000 


0.000 
.020 
.035 
.052 
.064 
.079 
.C87 
.096 
.101 
.106 
.109 
.106 
.103 
.097 
.0R7 
.076 
.064 
.050 
.035 
.017 
.000 


o.ooo 

.016 
.029 
.041 
.051 
.062 
.069 
.075 
.080 
.084 
.085 
.084 
.082 
.076 
.069 
.060 
.050 
.041) 
.028 
.014 
.000 


o.ooo 

.009 
.016 
.023 
.029 
.035 
.039 
.043 
.045 
.047 
.048 
.047 
.046 
.430 
.039 
.034 
.020 
.022 
.016 
.008 
.000 


0.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 


Ordinates  bolow  chord  line  upper  surface  same  as  No.  46. 
Ordinates  for  No.  51. 


Chord  station. 


Distance  from  cen- 
ter of  span  iu 
inches. 


0   0.095 

10  i  .195 

20  273 

30  1  .332 

40   .375 

50  406 

60    430 

70   .449 

80    463 

90  '  .472 

100  477 


0.024 
.049 

.  on 

.081 
.094 
.102 
.108 
.113 
.117 
.119 
.120 


Chord  station. 


Distance  from  cen- 
tor  of  spau  in 
inches. 


-- 


120 
140 
160 
ISO 
200 
220 
240 
260 
280 
3C0 


0. 472 

0.110 

.458 

.116 

.430 

.108 

.394 

.099 

.353 

.083 

.305 

.077 

.252 

.003 

.195 

.049 

.131 

.031 

.068 

.017 

Straight  line  between  center  section  and  tip.   Vndorsurfaco  flat. 
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Ordinate) for  No.  52. 


0.. 
10. 
20. 
30. 
40. 
SO. 


Distance  from  center  of  spun  In  inches. 


Chord  station. 


90... 
100. 
120. 
140. 
160. 
ISO. 
200. 
220. 
240. 
260. 
280. 
300. 


I.  095 
.195 
.273 
.332 
.375 
.400 
.430 
.449 
.403 
.472 
.477 
.472 
.458 
.430 
.394 
.353 
.305 
.252 
.195 
.134 
.008 


0.055 
.113 
.159 
.193 
.218 
.236 
.250 
.261 
.269 
.274 
.277 
.274 
.267 
.250 
.229 
.205 
.177 
.147 
.113 
.078 
.040 


0.038 
.077 
.108 
.132 
.149 
.161 
.170 
.178 
.184 
.187 
.189 
.187 
.182 
.170 
.156 
.140 
.121 
.100 
.078 
.053 
.027 


0.027 
.056 
.078 
.005 
.107 
.116 
.123 
.128 
.132 
.134 
.136 
.  134 
.131 
.123 
.113 
.102 
.088 
.072 
.056 
.038 
.019 


0.024 
.019 
.069 
.081 
.094 
.102 
.108 
.113 
.117 
.119 
.  120 
.119 
.110 
.108 
.099 
.089 
.077 
.063 
.019 
.034 
.017 


The  lower  surface  is  plane  and  the  ordlnates  Riven  are  tho  distances  above  this  in  inches. 
Ordinates for  undcrsurface for  No.  5$. 


Distance  from  cen- 

Distance from  cen- 

ter of 

span  in 

ter  of 

span  in 

Chord  station. 

inches. 

Chord  station. 

inches. 

0 

9 

0 

9 

0  

0.000 
.023 
.042 
.060 
.074 
.090 
.100 
.109 
.110 
.121 
.123 

| 

0.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 

120  

0.121 
.118 
.110 
.100 
.087 
.073 
.058 
.040 
.020 
.000 

0.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 

10  

20  

160  

30  

180  

40  

50  

220  

60  

240  

70  

260  

80  

280  

90  

300  

100  

Upper  surface  the  same  as  N'o.  St, 
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REPORT  No.  76. 


FUSELAGE  STRESS  ANALYSIS. 

By  Edward  P.  Warner  and  Roy  G.  Miller. 


INTRODUCTION. 

There  is,  at  the  present  time,  a  wide  diversity  in  the  methods  employed  by  designers  foi 
analyzing  the  stresses  in  a  fuselage  of  the  built-up  type  in  which  the  shear  is  taken  by  diagonal 
bracing  wires,  and  there  is  a  similar  diversity  of  opinion  as  to  the  best  type  of  analysis  manifested 
in  the  standards  and  specifications  issued  by  various  governmental  agencies. 

In  a  specification  for  pursuit  machines  (No.  1003)  issued  by  the  Signal  Corps  just  after  the 
United  States  entered  the  war,  the  requirement  is  that  the  fuselage  be  designed  to  stand  a  dyna- 
mic load  factor  of  5  and  a  tail  load  of  27  pounds  per  square  foot  for  machines  having  a  maximum 
horizontal  speed  of  100  miles  per  hour,  38  pounds  per  square  foot  where  the  maximum  horizontal 
speed  was  120  miles  per  hour,  and  so  on  for  higher  or  lower  speeds,  the  load  per  unit  of  area  vary- 
ing as  the  square  of  the  speed.  For  machines  making  100  miles  per  hour  this  corresponded  to  a 
tail  load  of  5.4  pounds  per  square  foot  for  each  unit  of  dynamic  loud.  This  is  very  nearly  equal 
to  the  relation  between  these  two  loads  now  laid  down  in  the  Air  Service's  specifications  for  fuse- 
lage sand  load  tests,  where  it  is  prescribed  that  the  tail  load  shall  be  5  pounds  per  square  foot 
for  each  unit  of  dynamic  load.  A  fuselage  should,  with  this  type  of  loading,  stand  a  dynamic 
load  of  at  least  4,  with  20  pounds  per  square  foot  on  the  tail.  The  general  specifications  of  the 
Bureau  of  Construction  and  Repair,  United  States  Navy,  fix  the  required  tail  load  at  20  pounds 
per  square  foot,  but  combine  with  this  only  the  weight  of  the  machine  without  a  dynamic  factor. 

These  specifications  relate  primarily  to  flying  loads.  In  studying  the  distribution  of  load 
on  landing,  also,  there  is  some  difference  of  opinion  as  to  the  best  method  of  procedure,  although 
the  vexed  question  of  tail  loading  is  avoided  in  this  case.  Obviously  there  are  many  different 
ways  in  which  a  landing  may  be  effected,  and  the  distribution  of  the  landing  loads,  as  well  as 
their  magnitude,  will  vary  with  the  speed  of  the  machine,  its  attitude  at  the  instant  of  touching 
the  ground,  the  position  of  the  controls,  the  nature  of  the  ground,  and  a  number  of  other  factors. 

The  method  adopted  in  this  report  is,  in  the  main,  the  straightforward  one  of  choosing  a 
standard  typo  of  machine,  analyzing  it  by  many  different  methods,  and  comparing  the  results. 
The  loadings  for  all  of  the  seven  cases  studied  arc  illustrated  in  figures  1  and  2,  and  the  stresses 
in  the  members  for  all  the  loadings  tried  are  tabulated  at  the  end  of  the  report. 

In  the  tabulation,  the  largest  stress  occurring  in  each  member  has  been  printed  in  italics. 
Where  the  same  member  may  take  tension  or  compression  under  different  loadings,  the  maxi- 
mum stress  of  each  sort  is  printed  in  italics.  In  picking  out  the  maxima,  Case  VII  was  ig- 
nored for  reasons  which  will  be  apparent  later.  In  some  cases  it  has  been  possible  to  make 
results  clearer  by  analytical  discussion,  but  the  graphical  analysis  has  been  carried  through  in 
every  case.  The  dynamic  factor  used  is  5  in  all  cases,  this  being  considered  to  allow  for  very 
heavy  landings  and  also  for  the  worst  loads  experienced  in  flying.  If  the  sizes  of  members 
were  being  selected,  a  further  "material  factor"  or  true  factor  of  safety  of  about  1}  should  be 
allowed  over  the  tabulated  stresses  (i.  e.,  the  ultimate  strength  of  each  member  should  be  at 
least  1  i  times  the  largest  stress  set  down  against  that  member  in  the  table). 

If  a  really  thorough  and  accurate  analysis  of  the  stresses  in  an  airplane  were  to  be  made 
it  would  be  necessary  to  treat  the  whole  structure  as  a  unit  instead  of  separating  wings  and 

715 


716 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


fuselage  as  is  the  invariable  custom.  The  drag  wires  and  other  members  so  inter-connect  the 
parts  of  the  machine  that  no  single  part  can  be  treated  independently  with  strict  accuracy. 
So  many  uncertainties  arise,  however,  chiefly  due  to  the  presence  of  redundant  members,  the 
stress  in  which  is  determined  by  the  rigidity  of  their  end  connections  and  by  the  initial  tension 
with  which  they  are  set  up,  that  it  is  usually  best  to  consider  these  redundant  inter-connecting 
members  as  additional  safeguards,  and  not  to  take  them  into  consideration  in  figuring  stresses. 
There  are  some  conditions,  however,  as  will  be  seen  in  connection  with  Case  VI,  where  it  would 
be  manifestly  absurd  to  ignore  entirely  the  effect  of  the  external  drag  wires  on  trie  fuselage 
stresses. 

The  fuselage  adopted  is  similar  to  that  of  the  JN4H.  The  layout  of  the  center  lines  of  the 
members  is  identical  with  that  in  the  JN4H,  but  the  load  distribution  differs  in  some  particulars 
from  that  adopted  in  the  Curtiss  design,  and  the  stresses  given  in  the  report  therefore  should  not 
be  taken  as  representing  those  actually  existing  in  the  JN. 

LANDING  LOADS. 

The  landing  stresses  have  been  examined  on  four  different  sets  of  assumptions,  three  relat- 
ing to  landings  with  the  tail  high,  the  fourth  to  those  with  the  tail  low  (three-point).  The  lift 
of  the  wings  has  been  neglected  in  all  cases.  Its  inclusion  or  omission  has  little  effect  on  any 
stresses  except  those  in  the  chassis  struts  and  in  the  vertical  members  directly  over  them.  If 
the  weight  of  the  airplane  be  broken  up  into  loads  applied  at  the  panel  points  in  the  usual  man- 
ner, and  if  the  sum  of  these  loads  be  opposed  by  a  vertical  force  acting  at  the  axle,  which  is 
manifestly  the  only  place  that  it  can  act  until  the  tail  skid  touches  the  ground,  the  resultant  of 
the  loads  at  the  panel  points  will  pass  through  the  center  of  gravity,  while  the  vertical  through 
the  axle  will  pass  well  forward  of  this  point.  Therefore,  although  the  two  resultant  forces  are 
equal  in  magnitude  and  opposite  in  direction  they  are  not  directly  opposed,  and  their  resultant 
is  a  turning  moment  which,  if  a  landing  were  actually  made  under  these  conditions,  would  whip 
the  tad  of  the  machine  violently  downward.  Actually,  however,  the  force  applied  at  the  axle 
is  not  vertical,  but  is  inclined  backwards  by  the  frictional  resistance  to  forward  motion.  This 
frictional  resistance  varies  widely  with  the  nature  of  the  ground,  but  it  is  common  to  arbitrardy 
assume,  in  order  to  simplify  the  analysis,  that  it  is  just  sufficient  to  incline  the  line  representing 
the  resultant  ground  reaction  until  it  passes  through  the  center  of  gravity.  If  this  assumption 
be  made  the  two  resultant  forces  (ground  reactions  and  resultant  of  loads  at  panel  points)  no 
longer  give  a  moment,  as  they  both  pass  through  the  center  of  gravity,  but  they  are  no  longer 
directly  opposed,  and  there  is  an  unbalanced  horizontal  force  which  must  be  taken  care  of  in 
order  that  complete  statical  equilibrium  of  the  structure  may  be  secured.  Tlic  securing  of 
statical  equilibrium  is,  of  course,  an  essential  condition  for  the  closure  of  any  stress  diagram. 
The  horizontal  component  of  the  ground  reaction  has  been  treated  in  two  different  ways  (Cases  I 
and  III).  In  the  first,  it  is  assumed  that  this  force  is  not  balanced  by  any  external  force,  and 
that  the  machine  is  therefore  decelerating.  The  deceleration  of  the  several  weight?  applied  at 
the  panel  points  tends  to  throve  them  forward,  and  the  resultant  of  the  weight  and  the  inertia 
force  lies  in  a  line  parallel  to  the  resultant  ground  reaction.  Since  the  vertical  component  of 
each  force  remains  unchanged,  the  load  at  each  panel  point  should  be  multiplied  by  the  secant 
of  the  angle  through  which  its  line  of  action  is  turned  by  the  inertia  force.  This  method  of 
applying  landing  loads  was  first  suggested  and  applied  by  J.  A.  Roche.1  The  distribution 
between  the  upper  and  lower  panel  points  of  the  parts  of  a  load  is  inversely  proportional  to 
the  distances  from  the  load  to  the  panel  points  (just  like  the  supporting  reactions  for  a  simple 
beam).  This  is  rigorously  correct  for  the  horizontal  components,  but  not  for  the  vertical  ones, 
since  the  end  fixtures  of  fuselage  struts  usually  will  not  transmit  tension,  and  vertical  loads 
applied  between  the  ends  of  the  strut  are  transmitted  to  the  longeron  ontirely  at  the  lower  end 
of  the  strut.  It  was  shown  in  Mr.  IlocheVs  article  that  the  maximum  stresses  are  not  changed 
in  any  member  if  the  vertical  and  horizontal  loads  are  both  divided  between  the  upper  and 
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lower  panel  points  in  the  proportion  correct  for  the  horizontal  ones,  and  such  an  arrangement 
of  loads,  making  the  lines  of  action  of  all  the  forces  parallel  to  each  other,  greatly  simplifies  the 
work.  The  second  method  is  to  balance  the  horizontal  component  of  ground  reaction  directly 
by  a  thrust  load.  This  is  the  condition  in  taxi-ing,  and  is  illustrated  in  Case  III.  The  assump- 
tion that  the  thrust  is  large  enough  to  balance  completely  the  horizontal  component  while  the 
dynamic  load  is  a  maximum  is  rather  severe,  as  the  thrust  would  have  to  be  about  equal  to  the 
weight  of  the  machine  when  the  dynamic  load  was  5.  The  figures  obtained  on  this  assumption, 
however,  at  least  serve  to  show  in  which  members  the  stress  is  increased  by  a  tlirust  load. 

Case  II  is  intended  to  relate  to  the  same  condition  as  Case  I,  but  in  a  simplified  form  making 
it  unnecessary  to  deal  with  inclined  loads.  Instead  of  taking  the  reactions  at  the  points  of 
attachment  of  the  chassis  strust  as  passing  along  the  struts,  so  that  their  resultant  might  pass 
through  the  axle,  the  resultant  of  the  panel-point  loads  is  opposed,  in  Case  II,  by  a  vertical 
force  passing  tlu-ough  the  center  of  gravity.  The  forces  in  the  chassis  struts  are  then  arbi- 
trarily replaced  by  two  vertical  forces  acting  at  the  same  points  and  so  proportioned  that  then- 
resultant  is  the  line  just  spoken  of.  All  external  forces  are  then  vertical,  there  are  no  inertia 
forces,  and  the  resultants  of  the  upward  and  downward  forces  both  pass  tlnou£h  the  center 
of  gravity  and  there  is  complete  equilibrium.  This  is  manifestly  an  easy  case  to  deal  with, 
and  the  stress  diagram  in  Case  II  is  much  simpler  than  that  in  Case  I,  where  the  externa]  forces 
can  not  all  bo  represented  on  a  single  straight  line.  The  simplified  method  has  been  used  by 
the  airplane  engineering  department  of  the  Air  Service. 

It  is  evident  that  the  entire  omission  of  the  horizontal  components  of  the  chassis  strut 
forces  will  have  a  considerable  effect  on  the  stresses  in  the  longerons  in  the  bays  between  the 
points  of  attachment  of  the  two  struts.  This  is  particularly  noticeable  in  a  machine  like  the  JN, 
where  the  upper  ends  of  the  chassis  struts  are  widely  separated  and  their  slope  is  small.  An 
inspection  of  the  tabulation  of  the  results  of  the  analyses  shows  that  the  stresses  in  the  top 
longeron  near  the  rear  of  the  body  are  greater  for  Case  II,  those  in  the  bottom  longeron  for  Case  I. 
This  is  natural,  as  the  inertia  components  of  the  loads,  acting  from  the  free  end  toward  the 
supporting  reactions,  tend  to  increase  the  compression  in  the  lower  longeron  and  counterbalance 
the  tension  in  the  upper  one.  The  stresses  in  the  struts  and  wires  are  nearly  the  same  for  the  two 
cases  except  in  the  bays  between  the  points  of  attachment  of  the  chassis  struts.  This,  again,  is 
what  might  be  expected,  as,  the  longerons  being  nearly  parallel  and  horizontal,  the  primary 
duty  of  the  wires  is  to  carry  the  shear  due  to  vertical  loads,  while  the  strut  compressions  are 
almost  exactly  equal  to  the  vertical  components  of  the  stresses  in  the  adjacent  wires.  Strut 
and  wire  stresses  are  therefore  substantially  unaffected  by  horizontal  components  of  load  at  the 
panel  points.  In  no  case,  except  in  the  bays  between  the  chassis  struts  and  in  a  few  other  bays 
of  the  top  longeron,  is  the  difference  of  stress  in  a  member  for  the  two  cases  as  much  as  5  per 
cent.  The  percentage  difference  is  large  in  some  of  these  cases,  but  only  where  the  magnitude 
of  the  stresses  is  small  and  where  the  factor  of  safety  would  be  sure  to  be  very  large.  The  sim- 
plified method  of  Case  II  leads  to  an  overestimation  of  the  top  longeron  stresses,  as  compared 
with  Case  I,  by  about  100  pounds  in  one  bay.  The  important  differences  come  in  the  bays  be- 
tween chassis  struts.  The  type  of  loading  used  in  Case  II  is  manifestly  wrong  for  these  bays,  and 
the  inclusion  of  the  horizontal  components  of  the  strut  reactions  changes  the  magnitude  of  the 
stresses  very  radically.  In  the  case  of  the  lower  longeron,  the  efTect  of  these  components  is  to 
change  the  stress  from  a  large  compression  to  a  tension.  The  difference  between  the  two  cases 
in  the  upper  longeron  is  much  smaller  but  the  simplified  method  is  not  on  the  safe  side.  In 
the  struts,  the  stress  given  by  the  simplified  method  is  too  high  in  the  member  directly  over 
the  rear  chassis  strut,  and  too  low  in  all  others.  The  only  pair  of  wires  much  affected  is  that 
in  the  rear  bay,  where  different  wires  are  in  tension  in  the  two  cases. 

Summing  up,  it  isevident  that  the  method  of  Case  II  is  satisfactory  for  the  rcarof  the  body, 
but  that  it  gives  results  very  badly  in  error  for  some  of  the  members  hi  the  neighborhood  of  the 
chassis  attachment.  The  simplified  loading  can  well  be  used  for  a  preliminary  analysis  to  assist 
in  estimating  the  sizes  of  members,  but  it  should  not  be  considered  as  satisfactorily  covering 
the  landing  loads  by  itself.   When  it  is  employed  there  should  be  added  to  the  stresses  in  the 
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bays  of  the  lower  longeron  between  the  chassis  struts  an  amount  equal  to  the  horizontal  com- 
ponent which  would  exist  in  the  adjacent  chassis  strut  if  the  loading  of  Case  I  were  used.  This 
horizontal  component  can  be  found  by  drawing  a  triangle  of  forces.  (The  addition  :s  algebraic, 
compressions  being  taken  as  negative,  and  the  effect  usually  is  to  change  the  sign  of  t  ie  stresses.) 

Case  III  (ground  friction  balanced  by  thrust)  gives  results  identical  with  those  of  Case  II 
for  all  members  behind  the  rear  chassis  strut.  The  effect  of  thrust  can  be  satisfactorily  allowed 
for  by  adding  (algebraically)  one-sixth  of  the  weight  of  the  machine  to  the  stress  in  every  bay  of 
each  longeron  from  the  nose  to  the  front  chassis  strut,  and  one-tenth  the  weight  to  the  stresses 
in  the  longerons  between  the  chassis  struts.  If  the  engine  is  carried  in  such  away  that  the  thrust 
can  only  be  transmitted  to  the  fuselage  at  the  rear  of  the  bearers  the  addition  to  allow  for  thrust 
load  can,  of  course,  be  omitted  forward  of  this  point. 

Case  IV  relates  to  a  three-point  landing.  The  largest  dynamic  loads  usually  occur  in  this 
type  of  landing,  as  a  pilot  having  a  forced  landing  on  rough  ground  will  land  at  as  low  a  speed  as 
possible,  and  the  tail-skid  will  therefore  come  into  contact  with  the  ground  before  the  shock 
absorbers  on  the  wheels  have  had  time  to  extend  fully.  The  only  case  in  which  a  large  dynamic 
load  is  likely  to  occur  on  a  high-speed  landing  (I  and  II)  is  that  in  which  the  pilot  is  unskilled  or 
landing  in  the  dark  and  fails  to  flatten  out  early  enough.  In  considering  the  landing  with 
tail  low  all  the  loads  have  been  taken  perpendicular  to  the  top  longeron.  The  effect  of  friction 
and  of  inertia  loads  is  thus  allowed  for,  as  the  perpendicular  to  the  top  longeron  makes  an  angle 
of  about  10°  with  the  true  vertical  when  the  machine  is  resting  on  the  ground.  To  be  strictly 
accurate,  the  reactions  should  be  drawn  with  different  inclinations,  as  the  coefficient  of  friction 
of  the  tail-skid  is  much  greater  than  that  of  the  wheels,  but  the  effect  of  allowing  for  this  differ- 
ence would  be  too  small  to  warrant  the  additional  complication.  Since  the  point  of  contact  of  the 
tail-skid  is  some  distance  behind  its  point  of  attachment,  the  reaction  of  the  tail-skid  has  a  moment 
about  its  hinge.  This  is  allowed  for  in  the  way  in  which  it  is  actually  taken  through  the  hinge 
and  shock-absorber  cord  in  the  machine,  by  putting  on  equal  and  opposite  horizontal  forces  at 
the  top  and  bottom  of  the  strut  where  the  tail-skid  is  attached.  Since  the  pull  in  the  shock- 
absorber  cord  has  a  vertical  component,  there  should  be  added  another  pair  of  vertical  forces, 
equal  and  opposite.  These  have  been  omitted  from  the  diagram,  as  their  only  effect  is  to  increase 
the  compression  in  the  strut  over  the  tail-skid. 

The  tail-skid  load  reverses  tho  stresses  in  the  longerons  behind  the  rear  chassis  strut  and 
changes  the  diagonal  which  takes  tension  in  several  cases,  as  compared  with  the  loading  arrange- 
ments which  have  already  been  considered.  The  stress  in  the  front  chassis  strut  and  in  the  fuse- 
lage strut  directly  opposed  to  it  are  also  somewhat  greater  in  a  tlirce-point  than  in  a  two-point 
landing,  because  of  the  backward  inclination  of  the  reaction  causing  the  front  strut  to  carry  a 
smaller  share  of  the  total  load  in  the  latter  case  than  in  the  former. 

The  conclusion  is  that  landing  stresses  should  be  analyzed  for  three-point  landings  (Case 
IV)  and  for  two-point  landings  with  inclined  ground  reaction  and  inertia  loads  (Case  I)  and 
that  allowance  should  be  made  for  the  effect  of  tlirust  on  the  stresses  in  the  forward  bays  of 
the  longerons,  especially  the  upper  one.  If  only  one  stress  diagram  is  to  be  drawn  for  landing 
loads  it  should  be  for  the  case  with  tail-skid  reaction,  as  the  analysis  for  flying  conditions  is 
very  similar  in  most  particulars  to  that  for  a  two-point  landing,  and  gives  stresses  of  the  same 
order  in  the  rear  of  the  body,  whereas  there  is  no  other  type  of  loading  which  resembles  that 
encountered  when  landing  with  tail  down  closely  enough  to  be  substituted  for  it. 

FLYING  LOADS. 

It  is  customary,  in  analyzing  tho  fuselage  stresses  under  flying  conditions,  to  consider  only 
the  rear  portion  of  the  structure,  and  to  treat  this  as  a  cantilever  loaded  in  accordance  with 
some  set  of  assumptions  and  supported  either  at  the  rear  wing  spars  or  the  lower  spare.  The 
first  assumption  as  to  the  support  is  the  more  common,  but  the  United  States  Navy  specifica- 
tions call  for  an  analysis  with  the  reactions  taken  at  the  lower  wing  hinges,  which  appears  to  be 
more  logical. 
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It  is  very  desirable  that  the  analysis  under  flying  conditions  be  extended  to  cover  the  whole 
structure,  from  nose  to  tail.  While  this  is  not  possible  by  an  extension  of  the  ordinary  method 
with  an  arbitrarily  fixed  tail  load,  the  stress  diagram  failing  to  close  if  it  is  carried  on  past  the 
wing  hinges  to  the  nose  of  the  airplane,  a  closed  diagram  can  always  be  secured  if  full  account  is 
taken  of  all  the  forces  acting  on  the  airplane  and  of  its  motions  under  those  forces. 

The  downward  loads  on  an  airplane  fuselage  in  flight  may  be  divided  into  dynamic  loads 
and  tail  loads.  The  dynamic  loads  arc  due  to  the  acceleration  of  the  center  of  gravity  of  the 
machine  (usually  an  acceleration  parallel  to  the  normal  axis  of  the  machine,  arising  in  flattening 
out  after  a  dive  or  in  some  similar  sudden  chango  of  course).  Since  the  lines  of  action  of  the 
dynamic  loads  on  all  parts  of  the  machine  at  a  given  instant  are  parallel  so  long  as  there  is  no 
angular  acceleration  of  the  airplane  about  its  C.  G.,  and  since  tho  d}Tnamic  loads  at  the  panel 
points  are  proportional  to  tho  weights  concentrated  at.  those  panel  points  the  resultant  of  these 
loads  always  passes  tluough  tho  C.  G.  of  tho  machine. 

The  tail  load,  in  turn,  may  be  divided  into  three  parts.  First  is  the  load,  usually  down- 
ward, required  to  give  static  equilibrium  about  the  C.  G.  This  part  of  the  load  usually  has,  for 
any  particular  machine,  a  maximum  value  of  about  4  per  cent  of  the  wing  loading,  its  exact  magni- 
tude depending  on  the  position  of  the  center  of  pressure  of  the  win^s  with  relation  to  (he  center 
of  gravity.  For  tail  surfaces  of  normal  size,  this  gives  a  unit  loading  of  about  one-quarter  of 
the  unit  wing  loading.  The  second  part  of  the  tail  load  goes  to  overcome  the  damping  moment 
(Mq)  due  to  the  body,  wings,  and  chassis.  This  moment  is  about  IS  per  cent  of  the  total  damp- 
ing moment  due  to  the  action  of  the  air  ag.iinst  the  pitching  airplane.1  The  manner  of  its  dis- 
tribution is  uncertain,  and  in  these  illustrative  examples  it  was  arbitrarily  distributed  among 
the  various  panel  points  in  such  a  way  that  the  applied  forces  would  sum  up  to  zero,  that  the  sum 
of  their  moments  about  the  C.  G.  would  be  equal  to  18  per  cent  of  the  computed  total  damping 
moment,  and  that  the  loads  would  be  approximately  proportional  to  the  distances  of  their 
points  of  application  from  tho  C.  G.  The  tail  load  due  to  damping  appears  only  when  the  air- 
plane is  rotating  about  its  C.  G.  (with  respect  to  axes  fixed  relative  to  the  earth).  Finally,  there 
may  be  an  excess  of  tail  load  above  tho  sum  of  these  two  components,  and  this  excess  acts  to 
impart  an  angular  acceleration  to  the  airplane. 

In  considering  tail  load,  the  component  of  damping  due  to  tho  tail  (82  per  cent  of  the  total) 
must  be  subtracted  from  the  apparent  load  to  get  the  true  value  of  tho  total  forco  acting.  The 
total  tail  load  in  any  machine  at  a  given  instant  is  then  a  function  of  elevator  setting,  angle  of 
attack,  speed,  and  angular  velocity. 

It  was  just  demonstrated  that  two  of  the  three  portions  of  the  tail  load  can  be  so  balanced 
as  to  give  static  equilibrium,  the  first  by  the  wing  load  acting  at  a  certain  distance  from  the 
center  of  gravity,  the  second  by  properly  distributed  damping  loads  at  tho  panel  points.  To 
balance  the  third  component,  the  excess  producing  angular  acceleration,  inertia  loads  must  be 
applied  much  as  in  the  case  of  the  deceleration  when  landing,  the  difference  being  that  in  this 
case  the  structure  is  treated  for  the  moment  as  though  it  had  no  motions  except  one  of  rotation 
about  the  C.  G.,  and  the  inertia  load  at  each  panel  point  therefore  acts  perpendicular  to  the  line 
connecting  that  panel  point  with  the  C.  G.  The  ratio  of  tho  inertia  load  to  the  static  load  at 
any  panel  point  is  directly  proportional  to  the  distance  from  tho  C.  G.  Since  the  dynamic 
loads  and  each  component  of  the  tail  load  taken  separately  can  bo  balanced  by  properly  allow- 
ing for  the  accelerations,  it  is  evident  that  any  combination  of  loads  can  be  so  balanced,  and 
that  it  is  possiblo  to  draw,  for  any  set  of  fuselage  loads  which  can  occur-,  a  closed  stress  dia- 
gram taking  in  every  member  of  the  fuselage  and  with  the  wing  reactions  applied  as  they  actu- 
ally are  in  practice. 

The  dynamic  loads  can  only  attain  their  maximum  value  when  the  angle  of  attack  is 
large,  and  it  therefore  requires  a  perceptible  interval,  after  the  elevator  is  pullod  up  to  flatten 
out  from  a  dive,  for  the  lift  on  the  wings  to  reach  its  highest  point.  The  total  down  load  on 
the  tail,  on  the  other  hand,  reaches  its  maximum  instantly,  as  the  do  wn  load  is  largest  when  the 


1  Tliird  Annual  Heport  at  the  National  Advisory  Committee  Tor  Aeronautics,  p.  335:   Washington,  1918. 
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angle  of  attack  is  small,  when  the  speed  is  high,  and  when  the  angular  velocity  and  damping 
moment  are  small,  and  all  of  these  conditions  are  best  fulfilled  when  the  airplane  is  diving  and  the 
elevator  has  just  been  pulled  up.  It  is  then  evident  that  the  tail  loads  and  dynamic  loads 
can  not  reach  their  maxima  at  the  same  time,  and  any  analysis  based  on  the  assumption  of 
large  loads  of  both  types  simultaneously  applied  is  unduly  severe. 

Furthermore,  any  analysis  in  which  a  maximum  down  load  is  applied  on  the  ;ail  and  bal- 
anced oidy  by  reactions  at  the  wing  hinges  is  unduly  severe.  When  there  is  a  large  tail  load 
there  always  exists  an  angular  acceleration,  and  this  produces  inertia  loads  which  act  upwardly 
on  the  rear  part  of  the  body,  directly  balancing  the  tail  load.  It  can  not  be  too  strongly  em- 
phasized that  the  structure  as  a  whole  will  always  be  in  statical  equilibrium  if  the  inertia  and 
damping  loads  are  properly  applied,  and  that  there  is  something  wrong  with  any  sot  of  loading 
assumptions  which  permits  of  the  existence  of  an  unbalanced  moment  about  the  center  of 
gravity. 

In  connection  with  the  present  report  the  typical  fuselage  has  been  analyzed  for  three 
different  types  of  fbying  loads.  Cases  V  and  VI  were  carried  through  in  accordance  with  the 
methods  just  discussed,  all  inertia  loads  being  included.  Case  V  relates  to  the  maximum 
dynamic  load,  Case  VI  to  the  maximum  tail  load.  In  Case  VII  an  analysis  was  made  for  the 
rear  position  of  the  body  in  accordance  with  the  common  assumptions  of  a  dynamic  factor  of  5, 
a  tad  load  of  25  pounds  per  square  foot,  and  the  rear  of  the  body  acting  as  a  cantilever  sup- 
ported at  the  rear  wing  spars. 

The  fundamental  data  for  Cases  V  and  VI  were  based  on  an  analysis  of  the  behavior  of  a 
JX  in  a  dive  and  loop,  an  analysis  the  most  important  results  of  which  were  published  in  the 
Bulletin  of  the  Airplane  Engineering  Department,  United  States  Army.  In  connection  with 
the  discussion  there  printed  the  effect  of  inertia  loads  arising  from  angular  acceleration  was 
taken  up,  but  no  attempt  was  made  to  carry  through  a  complete  analysis  of  the  stresses  under 
flying  conditions.  The  assumptions  on  which  that  analysis  was  based  were  rather  too  severe, 
as  the  maximum  dynamic  factor  by  computation  was  8.14,  whereas  it  has  been  shown  by 
accelerometcr  tests  that  the  dynamic  factor  seldom  rises  above  4  and  apparently  never  reaches 
4.5.  A  dynamic  factor  of  5  was  taken  as  the  standard  in  these  illustrative  problems,  just  as 
for  the  landing  loads,  and  the  computed  lifts,  tad  loads,  accelerations,  etc.,  were  therefore 

reduced  in  the  ratio  g'j^-    This  procedure  is  not  entirely  justifiable,  but  it  gives  as  good 

results  as  can  be  attained  without  another  complete  analysis  of  a  dive. 

Case  V  relates,  not  to  the  exact  instant  of  maximum  dynamic  load,  but  to  the  time,  0.42 
second  aftsr  pulling  up  the  elevator,  and  0.1  second  before  the  peak  of  the  cynamic  load 
curve  is  reached,  when  the  angular  acceleration  is  zero.  This  very  much  simplifies  the  analysis 
by  eliminating  the  "rotative  inertia"  loads  in  this  case,  and  has  little  effect  on  the  •xrtal  stresses, 
as  the  dynamic  load  at  the  instant  when  the  angular  acceleration  disappears  is  only  4  per  cent 
below  its  maximum  value.  The  anglo  of  attack  of  the  wings,  in  this  case,  was  about  12°, 
and  the  resultant  force  on  the  wings  was  therefore  very  nearly  perpendicular  to  the  chord. 
The  total  lift  was  divided  among  the  four  wing  hinges  on  each  side,  the  lower  hinges  taking 
about  85  per  cent,  of  the  total  lift  because  of  the  transmission  of  lift  from  the  upper  wing  through 
the  inner  lift  cables  to  the  lower  hinges.  The  distribution  between  the  front  and  rear  hinges 
depends  on  the  position  of  tho  center  of  pressure.  The  tail  load  vector  was  arbitrarily  drawn 
parallel  to  that  for  wing  load,  although  the  L/D  for  the  tail  is  less  than  that  for  tin  wings.  The 
stresses  in  the  fuselage  would  be  very  little  affected  by  changing  the  slope  of  the  tail  vector. 

The  normal  tad  load  for  the  speed,  angle  of  attack  and  elevator  angle  existing  at  the 
instant  to  which  Case  V  relates  would  be  10  pounds  per  square  foot  if  there  were  no  angular 
velocity.  The  attribution  of  82  per  cent  of  the  damping  moment  to  the  tail  and  the  deduction 
of  the  appropriate  amount  from  the  tail  load  reduces  this  by  about  70  per  con*,  so  that  the 
actual  tail  load  corresponding  to  a  dynamic  factor  of  5  is  2.5  pounds  per  square  foot.  This  fig- 
ure would  be  larger  in  a  machine  where  the  center  of  gravity  was  farther  forward  relative  to 
the  wings,  but  it  would  never  exceed  10  pounds  per  square  foot.    No  attempt  was  made  to 
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distribute  the  drag  of  the  body,  the  whole  amount  being  combined  with  the  wing  drag  and 
applied  at  the  binges.  There,  again,  the  procedure  is  not  rigorously  correct,  as  most  of  the 
fuselage  drag  should  act  at  the  nose,  but  the  difference  between  the  exact  and  approximate 
distribution  of  fuselage  drag  would  be  negligible. 

Thrust  and  torque  loads  do  not  appear  in  any  of  the  analyses  under  Hying  loads,  as  the 
speed  in  a  limiting  dive  is  so  high  that  there  could  not  be  any  thrust  or  very  much  torque,  the 
propeller  tending  to  operate  as  a  windmill  rather  than  as  a  propeller.  The  thrust  and  torque 
loads  appear  in  normal  flight,  and  may  bo  important  enough  to  require  special  analysis  in  high- 
powered  airplanes  with  engines  having  a  VBiy  low  weight  per  horsepower.  There  is  a  gyro- 
scopic torque  when  flattening  out  from  a  dive,  and  this  modifies  the  stresses  in  the  fuselage 
members  lying  in  horizontal  planes,  including  the  longerons,  but  it  will  not  be  considered  in 
this  report. 

The  analjrsis  in  Case  VI  is  very  complex,  as  the  loads  act  in  every  conceivable  direction. 
They  divide,  in  general,  into  three  groups.  First  are  a  set  of  loads  duo  to  translational  accel- 
erations. These  all  act  along  parallel  lines,  and,  since  the  lift  at  the  instant  after  the  elevator 
is  pulled  up  is  insignificant,  their  lines  of  action  are  very  nearly  parallel  to  the  flight  path,  the 
only  acceleration  which  amounts  to  anything  being  the  negative  acceleration  along  the  path, 
due  to  tho  excess  of  total  drag  over  the  component  of  gravity  along  the  path.  The  second 
group  is  made  up  of  the  inertia  loads  due  to  angular  accelerations.  Since  the  lines  of  action  of 
these  loads  arc  perpendicular  to  the  lines  connecting  their  rospoctive  panel  points  with  the 
center  of  gravity,  no  two  of  them  act  in  the  same  direction,  and  the  drawing  of  a  load  diagram 
becomes  a  rather  complicated  and  tedious  operation.  Lastly,  thero  are  tho  external  loads,  due 
to  air  pressure,  which  balance  all  these  inertia  loads.  The  total  load  on  the  tail  is  roughly  31 
pounds  per  square  foot,  and  its  component  perpendicular  to  the  flight  path  is  approximately 
equal  to  tho  corresponding  component  of  tho  force  on  tho  wings,  so  that  the  resultant  is,  as 
already  noted,  parallel  to  the  flight  path.  Tho  vector  of  force  on  the  wings  at  tho  very  small 
anglo  of  attack  existing  during  the  dive  (  — 3\°  for  this  particular  machine)  is  inclined  at 
about  45°  to  tho  perpendicular  to  tho  chord,  and  thero  is  therefore  a  large  component  of  this 
force  which  must  be  taken  by  the  drag  bracing.  This  bracing  system  has  several  redundancies, 
as  there  are  three  external  drag  wires  on  each  side  of  the  fuselage,  and  there  is  also  a  possibility 
that  the  drag  may  be  carried  through  the  stagger  wires  to  the  lower  wing  and  thence  directly  to 
the  fuselage  at  the  lower  wing  hinges.  The  distribution  of  the  drag  between  these  four  alter- 
native routes  is  necessarily  uncertain,  depending  largely  on  the  initial  tension  in  the  several 
members,  but  it  is  absolutely  certain  that  a  large  share  of  the  drag  is  transmitted  through  the 
external  bracing  to  the  nose  of  the  fuselage  in  a  machine  which,  like  the  JN,  has  no  stagger 
wires  in  the  center  section.  In  Case  VI  it  was  assumed  that  90  per  cent  of  the  drag  was  taken 
through  the  external  bracing  and  10  per  cent  at  the  wing  hinges,  and  that  tho  drag  taken  by  the 
external  bracing  was  divided  equally  between  the  upper  and  lower  wires.  From  the  structural 
standpoint  it  is  desirable  to  take  as  much  drag  as  possible  through  the  upper  drag  wires,  as  these 
wires  also  carry  some  lift  directly  to  the  nose  of  the  fuselage,  greatly  reducing  the  stresses  in  the 
forward  portion  and  also  reducing  the  stresses  in  the  inner  bay  of  tho  wing  truss. 

There  is  no  damping  load  to  be  deducted  from  the  tail  load  in  Case  VI.  as  the  machine 
can  not  acquire  an  angular  velocit}'  instantaneously  when  the  tail  is  pulled  up. 

A  comparison  of  tho  stresses  in  Cases  VI  and  VII  shows  that  the  ordinary  method,  neg- 
lecting all  inertia  loads,  gives  stresses  far  higher  than  those  which  can  actually  prevail,  the  over- 
estimation  in  some  cases  being  as  much  as  200  per  cont. 

Examination  of  the  tabulated  stresses  for  tho  first  six  cases  shows  that  the  maximum 
stress  in  most  instances  occurs  in  Case  IV,  V,  or  VI.  The  maximum  comes  in  Case  I  in  a  few 
instances,  but  the  stress  in  Case  1  never  exceeds  by  moro  than  20  per  cent  the  maximum  among 
IV,  V,  or  VI.  As  already  noted,  a  dynamic  load  factor  of  5  in  a  tail-high  landing  would  be  a 
very  rare  occurrence.  Case  III  also  shows  a  few  maxima,  but  only  in  tho  forward  three  bays, 
and  these  ba3rs  can  be  taken  care  of  by  adding  in  a  correction  for  thrust  in  the  manner  explained 
in  the  first  part  of  this  paper.  Cases  IV,  V,  and  VI,  then,  may  bo  considered  as  furnishing  a 
153215 — S.  Doc.  160,  66-2  50 
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complete  and  satisfactory  analysis.  Furthermore,  sinco  tho  maximum  stresses  occur  in  Caso 
VI  only  in  tho  thrco  rear  bays  of  the  fuselage  it  is  sufficient,  if  the  work  is  to  be  reduced  to  a 
minimum,  to  start  the  stress  diagram  for  tho  condition  of  maximum  tail  load  at  tho  tail  post 
and  carry  it  through  tho  thrco  or  four  rearmost  bays. 

Sinco  tho  complete  analysis  of  a  dive  has  been  carried  through  for  only  one  machine,  it  is 
necessary  to  mako  certain  assumptions  as  to  the  magnitude  of  the  damping  moments  in  order  to 
determine  the  load  distribution  analogous  to  Case  V  for  a  new  machine.  The  anglo  of  attack  for 
a  dynamic  load  factor  of  5  may  be  taken  as  12°,  and  tho  ta'l  load  required  to  balance  the  moment 
of  tho  wing  load  about  tho  C.  G.  can  then  bo  computed.  Two  pounds  per  square  foot,  of  tail 
surface  should  be  added  to  this  to  allow  for  damping,  and  static  equilibrium  restored  by  modi- 
fying the  dynamic  loads  in  the  manner  already  described. 

Cases  analogous  to  VI  require  fewer  assumptions,  as  thcro  is  no  damping.  Tho  total  tail 
load  can  be  dotcrmined  from  a  wind  tunnel  test  of  a  model  with  tho  elevators  turned  up  or 
approximated  from  tho  results  of  such  a  test  on  a  similar  machine.  Tho  tail  load  required  to 
balance  tho  wing  moment  can  be  computed  as  before,  tho  anglo  of  attack  being  computed  for  a 
45°  divo  at  limiting  speed.  All  tho  rest  of  the  tail  load  goes  to  produce  angular  acceleration, 
and  is  balanced  by  inertia  loads  applied  in  tho  manner  already  described.  The  distribution  of 
the  drag  will  differ  in  different  types  of  machines,  and  no  definite  rules  can  bo  laid  down,  but 
caution  should  ho  exercised  not  to  make  the  pull  in  tho  upper  drag  wires  too  largo,  as.  tho  apparent 
stresses  are  reduced  by  so  doing.  It  is  better  to  keep  on  tho  safe  sido  and  take  an  oxecssive 
proportion  of  tho  drag  in  the  lower  wires  and  at  tho  wing  hinges. 

Thcso  notes  on  loading  also  furnish  some  suggestions  for  tho  making  of  sand  load  tests  on 
fuselages.  It  is  evident  that  a  load  of  20  pounds  per  square  foot  on  tho  tail,  whether  or  not  it  is 
accompanied  by  a  dynamic  load,  produces  larger  stresses  than  would  bo  experienced  in  practice, 
and  a  sand  load  for  maximum  tail  load  would  correspond  moro  nearly  to  actual  conditions  if 
upward  loads  were  applied  by  ropes  passing  over  pulleys  and  attached  at  tho  panel  points,  to 
represent  tho  effect  of  "rotative  inertia."  If  a  single  sand  load  test  is  to  bo  made,  however,  it 
would  bo  better  to  havo  tho  loading  correspond  to  tho  conditions  of  Caso  V,  with  some  increase 
in  tho  tail  load  to  bring  the  stresses  in  tho  rear  bays  nearer  to  tho  maxima  found  in  Caso  VI. 
Tho  specifications  would  then  bo: 

Tail  load  of  12  pounds- per  squaro  foot  corresponding  to  a  dynamic  load  of  5,  thcso  loads 
being  increased  in  tho  same  proportion  until  failure  (Thcso  loads  aro  for  a  training  machine. 
For  airplanes  having  a  normal  wing  loading  of  over  G  pounds  per  squaro  foot,  tho  "ail  load  corre- 
sponding to  a  dynamic  factor  of  5  should  bo  increased,  reaching  a  maximum  of  18  pounds  per 
squaro  foot  when  tho  normal  wing  loading  is  10  pounds  per  square  foot.) 

The  loads  at  panel  points  not  to  bo  exactly  equal  to  tho  product  of  tho  dynamic  factor  by 
tho  weight  concentrated  at  tho  panel  point,  but  to  be  increased  forward  of  tho  center  of  gravity 
and  reduced  behind  tho  C.  G.  to  allow  for  damping  effect  on  tho  body  and  appendages  (not 
including  tho  tail  unit).  Tho  percentage  of  increase  or  reduction  should  bo  proportional  to  tho 
horizontal  distance  from  the  C.  G.  to  tho  point  of  application  of  tho  load,  and  the  total  moment 
about  tho  C.  G.  of  those  changes  of  load  should  bo  such  that,  when  tho  fuselage  is  supported 
at  tho  lower  wing  hinges,  tho  supporting  reactions  will  be  in  inverse  proportion  to  the  distances 
from  tho  hinges  to  tho  center  of  pressure  of  tho  wings  at  an  anglo  of  attack  of  12°.  This  will 
do  away  with  tho  difficulty  now  experienced  when  a  large  tail  load  is  applied  in  a  sand  load  test 
without  any  allowance  for  damping  or  inertia  loads.  Tho  fuselago  tonds  to  pivot  about  tho 
roar  support,  and  it  is  necessary  arbitrarily  to  add  a  largo  concentrated  load  at  the  extreme 
nose  in  order  to  prevent  local  failure  at  the  roar  support. 
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Tabic  of  Stresses. 


Number. 


1. 
2. 
3. 
4. 
5. 
G 
7. 
8 
9 
10 
II 

12 
13 
14 
15 
10 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2G 
27 
28 
29 
30 
:;i 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

49 

50 
51 
52 
53 
54 
55 
56 
57 
58 


^.asc  i. 

TT 

Cose  11. 

Case  III. 

Cnrn  TV 

Caso  V. 
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0 
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0 

+  17 
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+1114 
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+  505 

+1553 

+  206 
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+  1305 
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-  712 
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+  431 

+  H20 

+  1135 

+1 135 

-  425 

+  1519 

+  757 

+4330 
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+1074 

+1074 

-  523 

+  1189 

+  792 

+3020 

+  837 

+  839 

+  839 

-  5J5 

+  946 

+  763 

+3063 

+  591 

+  606 

+  606 

-  533 

+  709 

+  707 

+2470 

+  321 

+  358 

+  358 

-  488 

+  446 

+  606 

+1745 

+  94 

+  133 

+  133 

-  188 

+  1S9 

+  429 

+  918 

-  29 

0 

0 

0 

+  5 

+  89 

0 

-  549 

-  625 

+  223 

-  625 

-  661 

-  209 

-1540 

-1513 

-  774 

-1513 

-1531 

-  313 

+  524 
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+  88n 

+  448 

-2-S75 

-  400 
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+  1105 
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+  425 
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-  760 

-4355 

-1S60 
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-1086 

+  528 
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-  746 
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-  991 

-  849 

-  849 

+  49.1 

-  968 

-  709 

-3098 

-  714 

-  611 

-  611 

+  .ISO 

-  728 

-  648 

-2498 

-  431 

-  861 

-  364 

+  1>8 

-  462 

-  543 

-1763 

-  106 

-  i:(4 

-  134 

-  134 

-  199 

-  355 

-  928 

-  457 

-  450 

-  55 
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-  447 

-  470 

-12G0 

-1088 

-J26S 

-1088 

-1093 

-  121 
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-2043 
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-S?U0 
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-  182 
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-  490 

-  944 

-1430 

-2587 

-  265 

-1786 
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-1278 

-1064 

-  136 

-  5S6 

-  511 

-  511 

-  2S3 

-  503 

+  3 

-  843 

-  309 

-  273 

-  273 

-  43 

-  260 

-  12 

-  550 

—  2-17 

—  206 

—  206 

—  23 

-  212 

—  38 

—  495 

—  220 

-  196 
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-  60 

—  205 

—  61 

—  533 

—  geo 
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-  138 

-  215 

-  100 

-  608 

-  160 
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-  70 

-  70 

-  122 

-  294 

-  695 
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+  820 

+  468 

+  820 
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+1717 
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+1456 
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+  194 

0 

0 

0 

0 
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+  252 

0 
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0 

0 

0 

+  337 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

+  58 

0 

0 

0 

0 

0 

+  145 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

o 

0 

0 
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+  585 
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0 

0 

+  377 

+  o 
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+  1065 
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0 
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+  055 
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0 

+  1825 

+  543 

+  475 

+  475 

+  130 

+  478 

+  19 
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+  319 

+  319 

+  8 
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+  740 

+  337 
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0 

+  305 

+  75 

+  758 

+  557 
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0 

+  324 

+  127 

+  893 

+  297 

+  273 
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0 
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+  220 

+  1003 
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+  158 

+  163 

+  234 

+  408 

+  1093 
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Ind. 

-3900 
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Iud. 
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-2070 

Case  IV 
Figure  I. 
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THE  PARKER  VARIABLE  CAMBER  WING.1 

By  H.  F.  Parker. 

(Introduction— Rib  structure— Hib  tests;  Conditions  of  le.Nt:  Results  of  tests'— Aerodynamical  tests— Discussion  ol  Wind  tunnel  results;  Mono 
planes  biplanes;  trlplancs— Summary.) 


INTRODUCTION. 

The  most  important  single  problem  in  aeronautics  awaiting  solution  is  that  of  increasing 

the  speed  range  of  airplanes.  In  recent  years  maximum  speeds  have  been  inereased  very 
greatly,  and  will  no  doubt  be  still  further  increased,  but  each  addition  has  been  accompanied 
by  an  increase  in  the  landing  speed.  The  landing  speed  has  always  been  about  half  the  maximum 
and  could  not  be  reduced  below  that  amount  without  entailing  the  expenditure  of  additional 
power.   This  is  due  primarily  to  the  properties  of  the  type  of  wing  which  has  been  used. 

In  flying,  the  method  utilized  to  change  the  speed  is  to  alter  the  angle  of  attack  of  the 
planes.  This  must  also  be  accompanied  by  an  alteration  in  the  power  output  of  the  engine  if 
the  machine  is  to  be  kept  flying  level.  Manipulation  of  the  engine  throttle  without  alteration 
of  the  angle  of  the  planes  will  not  cause  a  change  in  speed;  the  machine  will  ascend  or  decend  at 
its  former  speed.  The  speed  is  therefore  dependent  on  the  angle  of  attack.  If  this  could  be 
efficiently  varied  from  a  very  small  to  a  very  large  angle,  a  wide  range  of  speeds  could  be  obtained. 
Two  things  prevent  this:  First,  the  lift  does  not  increase  directly  with  the  angle  of  incidence  for 
all  angles.  It  does  do  so  up  to  about  15°  but  for  greater  angles,  instead  of  increasing,  the  lift 
actually  falls  off.  This  falling  off  occurs  in  all  types  of  wings  though  in  some,  cases  it  is  only 
slight  and  in  others  very  considerable.  It  is  well  shown  in  the  lift  curves  in  figure  14.  and  is 
also  apparent  in  all  the  other  lift  curves  shown  in  this  report — in  figures  S,  17,  and  20.  Conse- 
quently no  increase  in  speed  range  can  be  obtained  by  increasing  the  angle  of  incidence  beyond 
15°.  Second,  the  efficiency  of  the  plane  is  not  maintained  at  low  angles.  As  the  incidence  is 
reduced  from  the  maximum  of  15°,  both  the  lift  and  the  drag  decrease,  the  drag  at  first  falling 
off  more  rapidly  than  the  lift.  At  about  3°  a  point  is  reached  where  the  ratio  of  lift  to  drag  is 
a  maximum.  This  is  the  most  efficient  flying  angle  for  the  plane.  As  the  incidence  is  further 
decreased,  the  lift  continues  to  fall  oil'  rapidly.  The  drag,  however,  decreases  more  slowly, 
being  a  minimum  at  zero  incidence.    For  negative  angles  it  again  increases. 

This  means  that  the  ratio  of  lift  to  drag  falls  off  very  rapidly,  and  the  wings  of  a  machine 
flying  at  a  smaller  angle  of  incidence  than  3°  offer  more  resistance  than  they  do  at  that  angle. 
The  line  from  which  these  angles  are  measured  is  the  chord  of  the  aerofoil,  i.  e.,  the  common 
tangent  to  the  lower  surface.  It  will  be  noticed  that  this  is  not  necessarily  the  position  in  w  hich 
the  wine  gives  no  lift.  Most  wings  give  a  considerable  lift  when  their  chord  line  is  parallel  to 
the  direction  of  the  air  flow,  and  this  lift  only  becomes  zero  when  the  nose  of  the  wing  is  about 
3°  below  the  trailing  edge.  In  fact,  fast  machines  frequently  fly  with  their  planes  set  at  negative 
angles. 

If  a  maximum  speed  of  double  the  minimum  is  to  be  obtained,  the  machine  must  fly  under 
the  inefficient  conditions  existing  at  these  small  positive  or  even  small  negative  angles  of  inci- 
dence.   If  it  is  to  be  more  than  double,  as  it  must  be  in  order  to  obtain  a  reasonable  landing 

1  At  tha  tiraa  this  wing  wis  designoi  it  wis  Mr.  Parker's  bollaf  that  the  win;  wjuld  hi  automatic  in  operation.  Subsequent  examination 
indicates  that  this  is  not  true,  at  least  for  the  rib  as  now  designed.    Means  for  flVxing  the  wing  mechanically  are  not  discussed. — Ed. 
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speed  in  machines  filing  at  over  100  miles  an  hour,  tho  small  lift  necessary  at  high  speeds  is 
accompanied  by  a  prohibitive  drag. 

Tho  problem  of  increasing  the  speed  range  may  be  approached  in  a  number  of  ways,  but 
confining  ourselves  to  devices  applicable  to  the  present  type  of  airplane,  which  eliminates  the 
helicopter  and  similar  machines,  there  are  three  ways  by  which  a  solution  might  be  achieved. 
These  aro: 

Variable  anglo  of  incidence. 

Variable  surface. 

Variable  camber. 

Each  of  these  presents  great  mechanical  difficulties,  but  the  first  is  tho  easiest  of  attack  and 
has  consequently  approached  nearer  a  solution  than  either  of  the  other  two.  It  offers  two  advan- 
tages: First,  the  axis  of  the  fuselage  can  be  kept  parallel  to  the  path  of  flight  at  all  speeds,  thus 
securing  a  minimum  drag  over  tho  entire  speed  range.  In  the  present  machine,  having  the 
wings  fixed  in  relation  to  the  fuselage,  the  fuselage  is  at  a  considerable  angle  to  the  flight  path 
over  a  portion  of  the  speed  range.  Under  theso  conditions  the  variable  incidence  machine  is 
more  efficient  than  the  present  type.  Over  that  portion  of  the  speed  range  where  the  fuselage 
of  the  standard  machine  lies  along  the  flight  path,  or  only  a  few  degrees  from  it,  the  variable 
incidence  machine  offers  little  or  no  advantage.  Second,  the  wings  of  the  variable  incidence 
machine  can  be  tilted  to  a  much  greater  angle  than  is  possible  in  the  present  machine.  This 
permits  the  machine  to  be  brought  to  rest  more  rapidly.  It  docs  not,  however,  reduce  its  mini- 
mum flying  speed.  Thus  the  advantages  of  variable  incidence,  though  well  worth  attainment, 
do  not  provide  a  sufficiently  complete  solution  of  the  problem. 

Tho  next  for  consideration  is  variable  surface.  Theoretically,  this  gives  a  perfect  solution. 
If  tho  wings  of  the  airplane  could  be  increased  in  area  during  flight,  the  speed  could  bo  reduced  so 
as  to  land  as  slowly  as  desired.  Conversely,  given  sufficient  surface  to  insure  a  low  enough 
landing  speed,  if  the  surface  could  be  reduced  in  flight  the  planes  could  always  bo  made  to 
operate  at  tho  angle  of  incidence  giving  tho  best  lift/drag  ratio,  thus  securing  the  least  possible 
drag  at  maximum  speeds.  Unfortunately,  mechanical  difficulties  prevent  the  realization  of 
this  method.  Theso  difficulties  arc  so  serious  that  there  does  not  seem  any  prospect  of  their 
being  overcomo  in  tho  near  future. 

Finally,  there  is  variable  camber.  This  offers  advantages  very  much  greater  than  variable 
incidence,  but  is  moro  difficult  of  solution  mechanically.  On  tho  other  hand,  as  compared 
with  variable  surface,  it  is  mechanically  possible,  but  its  aerodynamic  advantages  arc  not  quite 
so  great.  Yet  they  arc,  however,  great  enough  to  provide  a  satisfactory  solution  of  tho  problem 
and  tho  only  one,  apparently,  which  is  practicable. 

So  much  for  the  accepted  methods  of  increasing  speed  range.  Tho  method  under  discussion 
in  this  paper  can  not  be  properly  classified  under  any  of  these  headings.  In  conception,  however, 
it  is  derived  from  variable  surface,  though  tho  mechanical  dovico  utilized  is  distinctly  variable 
camber. 

Let  us  return  to  the  conception  of  variable  surface.  A  machine  so  equipped  would  havo  a 
comparatively  small  amount  of  fixed  surface,  together  with  a  larger  amount  of  removable  surface. 
While  landing,  both  fixed  and  removable  surface  would  bo  in  operation,  but  at  high  speeds 
tho  fixed  surface  alono  would  support  the  machine.  Assuming  that  a  mechanical  devico  to 
operate  such  a  system  is  possible,  it  is  obvious  that  tho  mechanism  would  entail  a  considerable 
increase  in  weight,  and  probably  also  in  head  resistance.  This  may  bo  expressed  in  terms  of  the 
resistance  of  tho  wings  that  havo  been  removed.  For  oxamplo,  100  units  of  drag  may  have 
been  eliminated  by  removing  a  portion  of  tho  wings,  but  the  oquivalont  of  20  added  by  the  extra 
weight  and  increased  resistance.    This,  then,  would  leave  us  a  net  saving  of  80  units. 

Suppose,  now,  that  instead  of  romoving  tho  wings  wo  loavo  thom  in  placo,  but  when  thoy 
arc  not  roquirod  for  lifting  wo  chango  thom  to  a  shape  ofToring  only  a  fraction  of  their  formor 
drag.  If  this  fraction  is  approximately  tho  same  as  that  roquirod  for  variablo  surfaco  wc  will 
havo  all  tho  advantages  of  variablo  surfaco,  and  tho  problom  will  become  ono  of  changing  tho 
wing  from  an  efficient  lifting  shapo  to  a  shapo  offering  tho  least  possible  resistance;  for  oxamplo, 
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pure  stream  lino.  Experimental  results  show  that  such  a  saving  can  bo  effected ;  tho  drag  can 
bo  roduced  from  100  units  to  25,  giving  us  a  not  saving  of  75  units.  In  a  biplano  tho  upper  piano 
will  bo  of  fixed  construction  and  tho  lower  ono  variable,  or  vico  vorsa ;  whilo  in  a  triplano  a  suitable 
arrangoment  is  obtained  by  using  a  fixed  wing  for  tho  ccntor  piano  and  placing  variablo  wings 
abovo  and  below  it.  At  high  speeds  tho  variablo  pianos  aro  to  carry  no  load  and  aro  to  be 
stream  lino  in  shapo.  At  low  speeds  thoy  aro  to  bear  their  sharo  of  tho  weight  of  tho  machino 
and  arc  to  bo  deeply  cambered.  For  a  stream-lino  wing  to  givo  no  lift  it  must  lie  parallel  to 
tho  direction  of  tho  air  flow,  and  then  tho  forces  on  its  upper  and  lower  surfaces  are  equal.  It 
is  nocossary,  thcrcforo,  to  set  tho  stream-lino  planes  at  zero  anglo  of  attack  when  tho  fixed  pianos 
aro  at  their  anglo  of  maximum  lift/drag,  usually  about  3°. 

For  slower  speeds  tho  anglo  of  attack  of  tho  fixed  piano  must  bo  incrcasod,  lot  us  say, 
from  3°  to  9°,  a  change  in  angle  of  G°.  Tho  stream-lino  plane  is  carried  through  tho  same  angle 
and  now  has  unbalanced  forces  acting  on  it,  tending  to  deform  it  upward.  Thoso  forces  aro  the 
greatest  noar  tho  loading  odgo,  and  docroaso  rapidly  as  tho  trailing  edgo  is  approached.  If  wo 
placo  ono  wing  spar  at  tho  loading  edgo  and  another  about  two-thirds  of  tho  chord  back  from 
it,  wo  divido  tho  wing  into  two  parts,  with  tho  force  on  the  front  part  very  much  greater  than 
that  on  tho  roar  part.  If,  now,  wo  mako  tho  part  between  tho  spars  of  flcxiblo  construction 
and  tho  part  behind  the  rear  spar  rigid,  and  allow  the  ribs  to  slide  over  tho  roar  spar,  wo  pro- 
vido  for  a  chango  of  shape  under  load.  Tho  portion  between  tho  spars  is  carried  upward,  whilo 
tho  roar  portion,  being  rigid  and  fixed  to  it,  moves  downward.    Tho  result  is  a  cambered  wing. 

Tho  rib  should  bo  just  rigid  enough  to  doform  a  certain  dosircd  amount  undor  the  maximum 
load  it  should  carry  normally,  and  the  doformation  should  bo  proportional  to  tho  load  upon  the 
rib  up  to  full  load.  Tho  load  at  any  timo  will  depend  on  tho  ratio  of  tho  lift  coefficient  of  tho 
variablo  piano  at  its  anglo  of  attack  to  the  lift  coefficient  of  tho  fixed  piano  at  its  angle.  Thus, 
at  maximum  spocd  when  tho  variablo  piano  is  stream  lino  in  shapo  tho  proportion  is  zero  to  tho 
lift  coefficient  of  tho  fixed  piano,  and  tho  load  is  zero.  At  landing  spocd  tho  lift  coefficients  of 
tho  two  pianos  arc  approximately  equal — tho  variablo  plane  is  carrying  half  the  load  and  its  load 
and  deflection  aro  a  maximum.  In  an  intormodiato  case,  when  tho  pianos  aro  at  6°  and  9°, 
rospectivoly,  tho  lift  coefficients  aro,  lot  us  say,  1:3.  The  variablo  piano  is  now  carrying  a 
quartor  of  the  load,  or  one-half  its  maximum  load,  and  its  shapo  will  bo  halfway  botwocn  tho 
oxtromcs.  It  is  now  a  lifting  aerofoil,  but  a  lightly  cambered  ono.  As  lightly  cambered  aerofoils 
aro  most  efficient  at  small  angles,  and  heavily  cambered  ones  at  largo  angles,  tho  variablo  wing 
posscssos  tho  most  suitablo  shapo  throughout  its  rango. 

If  tho  docalago  romained  unchanged,  i.  o.,  if  tho  sotting  of  tho  variablo  piano  rolativo  to 
tho  fixod  piano  romained  tho  samo  for  all  angles  of  attack,  when  tho  fixed  piano  was  at  its 
anglo  of  maximum  lift  tho  variablo  plane  would  bo  3°  short  of  it,  and  would  not  be  operating 
under  tho  bost  conditions.  This  is  not  tho  caso,  howovcr.  In  changing  the  shapo  of  tho  wing 
tho  trailing  edge  was  deprcssod  and  tho  anglo  of  attack  in  conscquenco  was  increased.  This 
chango  in  docalago  is  dependent  on  tho  position  of  tho  rear  spar  and  on  the  amount  of  maxi- 
mum cambor.  In  tho  aerofoil  used  it  is  3°,  so  that  when  tho  maximum  lifting  effort  is  required 
both  fixed  and  variablo  pianos  aro  operating  most  efficiently. 

It  is  obvious  that  undor  certain  conditions — gusts,  for  oxamplo,  or  flattening  out  after  a 
steep  divo— tho  wing  will  bo  subject  to  a  load  greater  than  its  normal  maximum.  This  would 
bo  liablo  to  causo  further  deflection,  which  would  bo  undesirable  The  wing  under  discussion 
coasos  to  dofloct  after  tho  application  of  its  normal  maximum  load.  This  is  accomplished  by 
moans  of  an  intornal  bracing  systom  which  only  comes  into  operation  when  tho  maximum 
doflcction  has  been  reached. 

RIB  STRUCTURE. 

In  dosigning  a  wing  possossing  thoso  variablo  camber  fcaturos  the  following  considerations 
had  to  bo  kept  in  mind: 

It  had  to  doform  regularly  with  the  load  up  to  unit  flying  load,  then  remain  rigid  under 
further  applications  of  load,  and  bo  strong  enough  to  boar  sovoral  timos  its  normal  load  without 
failure.    It  had  also  to  bo  capablo  of  easy  manufacture,  to  bo  simple  and  foolproof  in  operation, 
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and  light  in  woight.  Motal  construction  was  practically  a  nocossity,  and  to  avoid  now  foaturos 
which  might  ho  douhtful  cnginooring  practice,  standard  construction  was  adhered  to  whorovor 
not  ossontial  to  the  functioning  of  the  devico.  The  ribs  wore  thus  tho  only  parts  of  tho  wing 
roquiring  alteration,  leaving  spars,  bracing  wires,  struts,  etc.,  substantially  as  at  present.  Figure 
1  shows  tho  general  construction  adopted.    Tho  essential  parts  are: 

1.  Channol-shapcd  strips  A,  li,  forming  tho  uppor  and  lower  surfaces  of  tho  rib  botween  tho 
spars. 

2.  Compression  links  at  C,  D,  E,  F,  and  0 .  Thoso  aro  also  of  channel  soction  and  aro  fixed 
to  tho  outer  channels  by  pins,  thus  allowing  the  nocossary  angular  motion  between  links  and 
strips. 

3.  Tension  links  II,  J,  K,  L,  M,  and  N.  Those  aro  flat  strips  of  steel  attached  to  tho  sanio 
pins  which  carry  tho  compression  links.  In  tho  stroam-lino  position  they  carry  no  load  and  bow 
as  shown,  but  in  the  lifting  position  they  straighten  out  and  niako  a  truss  of  tho  rib,  preventing 
further  deformation  under  overloads.  Tho  links  in  the  first  two  and  last  two  panols  are  slotted 
to  allow  tho  insortion  of  reverse  links. 

4.  Rcvorso  tension  links  0,  P,  Q.  and  R.  The  only  function  of  these  is  to  prevent  tho  rib 
being  doforned  beyond  its  stream-lino  position  when  subjoct  to  loads  on  tho  upper  surface 

5.  A  tailpioco,  fixed  in  shape,  riveted  to  tho  upper  strip  at  S  and  constructed  to  slide  ovor 
tho  rear  spar. 

C.  A  spring  placed  botween  tho  rear  spar  and  tho  tailpiece.  Provided  tho  channols  A 
and  B  are  made  of  sufficient  size,  a  rib  can  be  mado  which  will  function  proporly  without  this 
spring,  but  its  uso  effects  a  considerable  saving  in  the  total  weight  of  the  rib.  The  spring  usod 
is  a  helical  tension  spring  at  tached  to  tho  roar  spar  and  to  tho  front  compression  member  of  tho 
tailpiocc. 

Tho  uppor  and  lower  surfaces  aro  fixed  to  tho  front  spar,  which  is  placed  practically  at  tho 
loading  edgo.  A  light  wooden  noso  piece  running  the  length  of  tho  wing  and  attached  to  tho 
spar  gives  a  fair  shape  to  the  loading  edgo.  Tho  rigidity  of  the  rib,  duo  to  tho  stiffness  of  tho 
channols  and  tho  spring,  must  bo  such  that  it  attains  its  full  lifting  form  undor  normal  flying 
load.    Tho  lengths  of  the  tension  links  dotormino  the  final  contour  of  tho  wing. 

The  fabric  is  continuous  over  the  wings  except  where  the  lower  flexible  <  hf.nncl  is  con- 
nected to  the  tailpice.  Here  it  is  discontinuous  to  permit  the  sliding  forward  of  the  fixed  tail 
portion  over  the  end  of  the  channel  forming  the  flexible  portion  of  the  lower  surface.  The 
amount  of  this  sliding  motion  is  approximately  1  in;  h,  and  it  may  be  provided  for  cither  by 
allowing  the  surface  to  overlap  or  simply  by  leaving  a  gap  of  this  amount.  In  the  former  case 
the  surfaces  would  just  meet  when  in  the  stream-line  position  and  would  overlap  I  in-  h  in  the 
lifting  position.  In  the  latter  case  they  would  meet  when  in  the  lifting  position  but  in  the 
stream-line  position  would  leave  open  a  strip  1  inch  wide  running  the  length  of  the  wing.  It  is 
not  believed  that  this  would  be  as  objectionable  as  might  appear  at  first  sight,  for  the  aero- 
dynamic properties  of  the  wing  would  not  be  appro;  iably  affe;  ted.  Present  methods  may  be 
used  for  its  attachment  to  the  ribs.  It  will  probably  be  preferahle  to  stitch  tho  fabric  to  ea;  h 
surface  separately,  though  there  is  no  objection  to  the  stitching  going  over  the  top  and  under 
the  bottom,  except  at  the  rear  spar,  as  the  distam  cs  between  the  surfaces  do  not  alter.  It  was 
necessary  to  determine  whether  any  oxcessive  stretch  in  the  fabric  would  be  <  a  Used  by  the 
functioning  of  the  ribs.  The  lower  surface  changes  from  a  convex  to  a  c  oncavc  shape  of  approxi- 
mately equal  curvature.  There,  will,  therefore,  be  no  stretch  in  the  fabric.  In  the  upper  surface, 
however,  where  an  imrease  of  convex  <  urvature  occurs,  there  will  be  a  stretch  caused  in  the 
fabric.  Calculation  shows  that  this  is  not  serious.  In  a  wing  of  GO-inch  chord,  with  a  maximum 
increase  of  camber  of  21  inches,  the  maximum  stretch  of  the  fabric  is  only  1/100  inch  in  the  15 
indies  in  which  the  greatest  change  occurs,  or  0.067  per  cent.  As  the  stretch  at  rupture  is  15 
per  t  ent,  the  fabric  is  only  strained  1/225  of  this  amount.  It  is  reasonable  to  suppose  that  this 
could  be  repeated  indefinitely. 
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RIB  TESTS. 
CONDITIONS  OP  TEST. 

The  construction  and  testing  of  the  variable  camber  rib  were  carried  out  in  t'no  Engineer- 
ing Materials  Laboratory  of  the  Bureau  of  Standards.  A  special  method  of  testing  the  rib  had 
to  be  devised,  permitting  the  appropriate  load  to  be  applied  to  each  surface  independently.  A 
direct  system  of  loading  was  adopted,  the  method  being  clear  from  ligures  2  and  3.  Stirrups 
were  placed  over  the  rib  at  tho  desired  points  and  platforms  to  carry  tho  weigh  is  suspended 
therefrom.  The  loads  applied  were  calculated  from  pressure  distribution  tables  for  tho  It.  A.  F. 
14  wing,  obtained  from  experiments  mado  at  the  Royal  Aircraft  Factory,  England. 

The  chord  of  the  variable  rib  was  60  inches.  The  rib  spacing  was  taken  as  14  inches  and  the 
wing  loading  as  5}  pounds  per  square  foot.  This  gives  tho  total  load  per  rib  as  33  i  pounds, 
which  was  assumed  to  be  distributed  as  follows: 

UPPER  SURFACE. 

Distance  from  leading  edge,  in  inches   4  J    10J    17 J   24   30   3G   42   48  54 

Load,  in  pounds   4     4     4J     3    2J    2     2     1  1 

LOWER  SURFACE. 

Distance  from  leading  edge,  in  inches   li   7J   20$  33 

Load,  in  pounds   3J  3J    1J  1 

The  applied  loads  were  corroct  to  the  nearest  half  pound  and  the  points  of  application  were 
correct  to  the  nearest  half  inch.  Within  these  limits  the  loading  checked  the  pressure  distribu- 
tion ligures  on  which  it  was  based. 

RESULTS  OF  TESTS. 

Ounces. 

Weight  of  rib,  bare   11 J 

Weight  of  helical  spring   f 

The  total  weight  of  the  rib  is  thus  12  \  ounces,  which  compares  very  favorably  with  standard 
wood  construction.  It  is  actually  lighter  than  tho  Curtiss  JN-4  rib  (13  i  ounces),  which  was 
taken  as  a  basis  for  chord  length,  rib  spacing,  and  loading.  Moro  modern  ribs,  however,  are 
somewhat  lighter. 

Material  used,  chrome  vanadium  alloy  steel. 
Thickness,  0.018  inch. 

Elastic  limit,  90,000  pounds  per  square  inch. 
Ultimate  strength,  102,000  pounds  per  square  inch. 

The  steel  as  fabricated  was  in  the  annealed  state.  In  some  earlier  tests  heat  treatment 
was  resorted  to,  and,  as  might  bo  expected,  gavo  even  greater  strength,  two  such  ribs  having 
sustained  a  loading  of  16  times  the  Hying  load  without  signs  of  failure.  Heat  treatment  was 
omitted  in  the  final  test  in  order  to  demonstrate  that  tho  process  was  not  essential  to  success. 

The  experimental  rib  was  placed  in  an  inverted  position  in  a  supporting  frame  and  the 
loads  applied  as  previously  described.  Deflection  readings  were  taken  by  means  of  dials  giving 
readings  correct  to  1/1000  of  an  inch.  Up  to  unit  load,  tho  increments  wcro  one-quarter  of  tbe 
flving  load.    The  deflection  of  the  rib  under  theso  conditions  was  as  follows: 


Load. 

Deflection. 

Portion 

At  distances  from  leading  edge  of — 

of  nor- 
mal fly- 
ing load. 

Pounds. 

lj-inches 
(front 
spar). 

12  inches. 

21  inches. 

30  inches. 

39  inches 
(rear 
spar). 

GO  inches 
(trailing 
edge). 

i 

i 
l 

81 

jr.} 

25* 
33J 

Inch. 
0 
0 
0 
0 

Inches. 
0.54 
1.00 
1. 37 
1.83 

Inches. 
0.  GO 
L  0G 
1.47 
2.03 

Inches. 
0.39 
.09 
.94 
1.39 

Inch. 
0 
0 
0 
0 

Inches. 
-0.90 
-1.46 
-1.94 
^2.53 

Fig.  2. 


in 


Fig.  3. 
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Weights  were  then  applied  up  to  six  times  the  flying  load.  After  this  the  loading  was 
removed,  with  the  exception  of  the  one-quarter  load,  to  determine  the  ability  of  the  rib  to 
return  to  its  original  shape  after  severe  overloads.  A  permanent  set  amounting  to  a  maximum 
of  inch  occurred  in  the  first  and  second  panels.  Throughout  the  rest  of  its  length  the  rib 
returned  to  the  position  occupied  under  the  initial  one-quarter  load. 

Finally  the  rib  was  loaded  to  destruction.  Failure  occurred  after  the  application  of  a  loud 
sponding  to  1 1  times  the  flying  load  by  buckling  of  the  flanges  of  the  lower  surface  in  the 


correal 


first  and  second  panels.  Deflections  are  plotted  in  figure  4  and  tabulated  in  the  appendix.  The 
maximum  deflection  from  normal  flying  load  to  10  times  that  load  was  0.437  inch,  which  com- 
pares favorably  with  that  of  wooden  ribs  under  similar  loads.  While  subject  to  the  normal 
flying  load,  the  shape  of  the  rib  was  traced  upon  a  board  placed  behind  it.  Its  form  agreed 
(within  J  inch)  with  the  designed  aerofoil  (V.  C.  L.,  fig.  6). 

The  rib  which  gave  these  results  was  the  last  of  a  series  of  six.    It  is  not  claimed  that  it 
represents  the  best  possible  form  for  such  a  rib,  but  marks  a  point  in  the  development  where  the 
many  conflicting  requirements  are  all  satisfiod. 
153215— S.  Dor.  166, 66-2  51 
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The  first  two  ribs  of  the  series  were  made  from  steel  0.032  inch  in  thickness  aid  were  heat 
treated.  The  lifting  shape  aimed  at  was  the  Eiffel  36-wing  curve.  The  spars  were  placed  in 
the  same  positions  as  in  the  Curtiss  JN-4  and  the  nose  was  designed  to  rotate  about  the  front 
spar.  The  variable  portion  was  divided  into  four  panels,  of  which  three  only  were  provided 
with  tension-bracing  members.  The  weight  was  16  ounces.  A  change  of  shape  approximately 
proportional  to  the  load  was  obtained,  but  the  tail  failed  to  deflect  its  full  amount  and  the  rotary 
motion  at  the  nose  was  found  unsatisfactory.  The  functioning  of  the  rib  is  shown  by  the 
following  deflection  readings: 


Load. 

1 

Deflection. 

Fraction 
of  normal 
flying 
load. 

Mid-point 
between 
spare. 

Training 
edge. 

Inches. 

Inches. 

i 

0.  35 

0. 40 

.80 

.95 

1 

L14 

1.48 

1 

1.40 

1.90 

The  strength  was  excessive,  the  ribs  sustaining  a  loading  of  16  times  the  flying  load,  the 
limiting  capacity  of  the  supporting  frame,  without  signs  of  failure. 

The  third  rib  was  of  0.018-inch  heat-treated  steel  and  weighed  11  ounces.  The  front 
spar  was  placed  at  the  leading  edge  and  the  rotary  motion  thus  eliminated.  The  upper  surface 
was  designed  to  have  the  shape  of  the  U.  S.  A.  4  aerofoil,  while  the  lower  was  determined  by 
the  tliicknoss  of  the  stream  line.  The  nose  had  to  be  bhmt  to  accommodate  the  spar.  The 
llexiblc  portion  was  divided  into  six  panels,  all  of  which  were  braced,  thus  making  a  complete 
truss  of  the  rib.  The  desired  change  of  shape  was  attained  and  was  proportional  to  the  load. 
When  tested  to  destruction  the  rib  showed  a  factor  of  safety  of  11,  failure  occurring  in  the 
fixed  tailpiece. 

The  fourth  rib  was  similar  in  all  respects  to  the  third,  except  that  it  was  not.  heat  treated. 
It  withstood  a  loading  of  eight  times  the  normal  flying  load  before  buckling  over  sideways. 

Although  the  desired  change  of  shape  was  obtained  with  these  two  ribs,  the  lifting  shape 
was  not  satisfactory  from  an  aerodynamic  point  of  view.  Consequently  a  special  lifting  aerofoil 
was  designed,  and  an  attempt  made  to  construct  a  rib  to  this  shape.  0.018-inch  steel  was 
again  used  and  the  construction  was  in  general  similar  to  that  adopted  in  the  third  and  fourth 
ribs.  The  amount  of  motion,  however,  was  considerably  greater,  and  additional  tension  links 
were  provided  to  prevent  any  change  of  shape  beyond  the  stream-line  position  should  the  wing 
be  subject  to  loads  on  the  upper  surface.  A  tension  spring  was  used,  attached  to  the  rear  spar 
and  to  the  compression  member  of  the  tailpiece  forward  of  it,  instead  of  a  compression  spring 
behind  the  rear  spar,  as  was  used  in  the  first  four  ribs. 

The  functioning  of  the  rib  was  excellent,  the  desired  lifting  shape  being  assumed  with  an 
error  of  less  than  J  inch,  but  the  factor  of  safety  when  the  rib  was  loaded  to  destruction  was 
only  7.  Failure  was  due  to  buckling  in  the  channel  forming  the  lower  surface  in  the  first  and 
second  panels.    The  weight  was  12  ounces. 
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The  behavior  of  this  rib  under  fractional  loads  was  as  follows: 


Load. 

Deflection. 

Portion 
of  nor- 
mal 
flying 
load. 

Al  distance  from  leading  edge  of — 

Pounds. 

Lj  inchas 
(front     12  inches, 
spar). 

21  inches.  30  inches. 

39  inches 
(rear 
spar). 

00  inches 
(trailing 
edge). 

i 
i 
i 

l 

8i 
16} 
2§g 
33i 

Inches.  Inches. 
0  0.45 
0  .99 
0  1.44 
0  1.82 

Inches.  Inches. 
0. 42         0.  20 
1.02  .57 
1. 55           . 95 
1.98  1.25 

Inches. 
0 
0 
0 
0 

Inches. 
-0. 45 
-1.20 
-1.82 
-2. 42 

The  final  rib  differed  only  in  minor  details,  particularly  the  use  of  a  heavier  llange  at  the 
point  of  failure.  This  raised  the  factor  of  safety  from  7  to  11  at  an  increase  of  only  j  ounce  in 
weight. 

AERODYNAMICAL  TESTS. 

A  series  of  tests  were  carried  out  by  the  Bureau  of  Standards  wind  tunnel  staff  to  deter- 
mine the  following  points: 

1.  The  properties  of  four  new  aerofoils,  being  the  stream-line  and  full-lifting  shapes  of  the 
variable  camber  wing,  and  two  intermediate  shapes  under  one-third  load  and  two-thirds  load, 
respectively. 

2.  The  aerodynamic  efficiency  of  these  aerofoils  when  used  together  with  a  standard 
aerofoil  in  biplane  and  triplane  combinations. 

3.  The  stability  of  these  biplane  and  triplane  combinations. 

Models  of  the  necessary  aerofoils  were  made  of  bakelite  and  were  correct  to  within  five 
one-thousandths  of  an  inch.  The  model  of  R.  A.  F.  6,  which  was  used  as  the  standard  section, 
was  of  wood,  and  though  accurate  when  made  did  not  retain  its  accuracy  as  well  as  the  bakelite 
models. 

The  stream-line  and  full-lifting  aerofoils  were  designed  in  accordance  with  certain  limitations 
imposed  by  the  rib  structure.    The  chief  of  these  were: 

1.  The  necessity  for  a  blunt  nose  to  permit  the  front  spar  being  placed  at  the  leading  edge. 

2.  In  the  lifting  model  a  lower  surface  concave  toward  the  trailing  edge  could  not  be  used 
because  the  portion  of  the  rib  behind  the  rear  spar  does  not  change  shape  and  the  stream  line 
is  slightly  convex. 

3.  The  camber  of  the  lower  surface  between  the  spars  was  limited  by  the  necessity  of 
,il lowing  for  internal  bracing  wires. 

4.  The  maximum  camber  on  the  upper  surface  was  determined  by  the  camber  of  the  lower 
and  by  the  thickness  of  the  aerofoil,  which,  in  turn,  was  determined  by  the  fineness  desired 
in  the  stream  line. 

The  two  extreme  shapes  were  carefully  designed  in  the  light  of  these  and  of  aerodynamical 
considerations.  The  intermediate  shapes  were  obtained  on  the  assumption  that  the  rib 
deflected  throughout  its  length  directly  as  the  load  up  to  normal  full  load.  Control  can  be 
exercised  over  the  design  of  these  intermediate  shapes  by  varying  the  depth  of  the  flanges  of 
the  rib  channels,  but  as  the  distribution  of  pressure  is  also  a  factor  and  as  it  is  not  known  how 
much  the  distribution  assumed  (R.  A.  F.  14)  differs  from  the  actual,  the  shapes  used  were 
arrived  at  somewhat  arbitrarily. 

The  wind  tunnel  used  at  the  Bureau  of  Standards  is  of  54-inch  octagonal  section,  the  air 
being  drawn  through  by  a  100-horsepower  motor.    The  balance  is  of  the  N.  P.  L.  type  and  the 
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models  were  mounted  vertically  in  the  tunnel.  In  the  biplane  and  triplane  combinations 
the  models  were  spaced  relatively  by  brass  struts  screwed  into  the  ends.  Provision  was  made 
for  a  fine  adjustment  of  the  decalage  by  the  arrangement  illustrated  in  figure  7.  The  points 
of  attachment  of  the  struts  to  the  variable  planes  corresponded  approximately  with  the  positions 
of  the  spars  in  the  full-size  wing.  The  leading  edge  was  thus  fixed  in  position,  so  no  adjustment 
for  gap  was  necessary.  The  chord  of  the  fixed  middle  aerofoil  was  used  as  a  reference  plane, 
and  the  decalage  measured  by  the  difference  in  gap  at  the  trailing  edge. 

Lift,  drag,  and  torque  determinations  were  carried  out  on  the  following  aerofoils  and 
combinations: 

Aerofoil  V.  C.  stream  line  (a)  used  afterwards  in  biplane  and  triplane  tests;  V.  C.  stream 
line  (b)  used  in  triplano  tests  only. 

Aerofoil  V.  C.  one-third  lifting  (a)  used  in  biplanes  and  triplanes:  V.  C.  one-third  lifting 
(b)  used  in  triplanes  only. 

Aerofoil  V.  C.  two-thirds  lifting,  used  in  biplane  tests. 

Aerofoil  V.  C.  lifting  (a)  used  in  triplanes  and  biplanes;  (6)  used  in  triplanes  only. 
Aerofoil  R.  A.  P.  6,  used  in  biplanes  and  triplanes. 


Biplanes. 


No. 

1 
2 
3 
4 
5 
C 
7 
8 

Lower  plane. 

Upper  plane. 

Stagger. 

Decalage. 

R.  A.  F.  6  

R.  A.  F.  6  

R.  A.  F.  6  

R.  A.  F.  6  

V.  C.  S  

V.  C.  i  L  

V.  C.  S  

v.  c.  jl  :  

V.  C.  J  L  

V.  C.  L  

R.  A.  F.  6  

R.  A.  F.  6  "... 

R.  A.  F.  6  

R.  A.  F.  6  

Per  cent. 
-20 
-20 
-20 
-20 
+20 
+20 
+20 
+20 

Degrees. 
2i 
14 
4 

-4 
24 
14 
4 

-4 

V.  C.  i  L  

V.  C.  L  

Triplanes. 

No. 

Top  plane. 

Middle  plane. 

Bottom  plane. 

Stagger. 

Decalage. 

1 
2 
3 
4 

V.  C.  S  

V.  C. J  L  

R.  A.  F.  6  

R.  A.  F.  6  

V.  c.  s  

V.  C.  J  L  

Ptr  cent. 
20 
20 

Degrees. 
24 
14 

V.  C.  L  

R.  A.  F.  6  

v.  6.  i  

20  -J 

The  term  decalage  here  refers  to  the  incidence  of  the  planes  of  the  variable  series  to  the 
chord  line  of  the  standard  plane. 

Detailed  results  will  be  found  tabulated  in  the  appendix  at  the  end  of  the  report. 

DISCUSSION  OF  WIND-TUNNEL  RESULTS. 


SINGLE  AEROFOILS. 

The  curves  for  the  variable  wing  as  a  monoplane  (fig.  8)  were  obtained  from  figures  14,  15, 
and  16.  At  low  angles  (  —  3°,  —  2°,  —1°,  0°),  when  the  variable  wing  was  stream  line,  the  points 
for  the  variable  curves  were  obtained  from  the  curves  for  V.  C.  S.  At  high  angles  (12°,  14°, 
16°,  17°,  18°),  when  it  was  in  its  full  lifting  shape,  the  points  from  V.  C.  L.  were  used.  Two  in- 
termediate sets  of  points  were  obtained — one  from  the  curve  for  V.  C.  J  L.  at  4°  and  the  other 
from  the  V.  C.  §  L.  curves  at  8°. 


Fig.  7 
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The  travel  of  the  center  of  pressure  is  noteworthy,  boing  as  nearly  as  possible  stationary — 
the  amount  of  travel  within  the  range  of  flying  angles  being  0.035  chord  in  the  stable  direction. 
Aerofoils  of  the  fixed  type  are  unstable.  Thus,  if  the  center  of  pressure  coincides  with  the 
center  of  gravity  at  any  angle  within  the  flying  range,  the  plane  will  be  in  equilibrium.  If, 
however,  it  is  then  displaced  from  this  angle,  the  position  of  the  center  of  pressure  will  change 
and  will  introduce  an  upsetting  moment,  which  will  move  the  plane  still  further  from  its  position 
of  equilibrium.  This  unstable  effect  is  very  marked  at  small  angles  of  incidence.  This  is  ap- 
parent from  figure  16,  the  curves  for  V.  C.  ^  L.,  V.  C.  §  L.,  and  V.  C.  L.  being  typical  of  all  ordi- 
nary aerofoils.  In  figure  8  the  motion  of  the  center  of  pressure  is  such  that  if  the  plane  be  dis- 
placed from  its  angle  of  equilibrium  the  resulting  moment  will  tend  to  bring  it  back  to  thai 
position.  At  17°  a  marked  change  occurs,  but  this  is  evidently  due  to  the  breakdown  in  the 
air  flow  which  takes  place  at  that  angle,  and  which  is  also  noticeable  in  the  lift  and  drag 
curves.  The  individual  curves  (figs.  14,  15,  and  16)  aro  characteristic  for  the  particular  types 
of  aerofoils,  though  the  intermediate  shapes  are  somewhat  inefficient  when  compared  with 
other  aerofoils  of  similar  camber. 

The  drag  curve  (fig.  15)  shows  that  the  minimum  resistance  of  the  stream-line  plane  is  less 
than  one-third  that  of  the  lifting  plane.  These  are  the  figures  for  the  models  at  the  tunnel 
speed  of  50  miles  per  hour.  In  a  full-size  machine,  traveling  at  150  miles  por  horn1,  the  mini- 
mum drag  would  be  about  one-quarter.  This  improvement  at  high  speed  is  due  to  the  fact 
that  the  drag  of  an  aerofoil  is  made  up  of  two  parts— --the  direct  head  resistance,  which  increases 
as  the  square  of  the  speed,  and  the  skin  friction,  which  increases  at  a  lesser  rate.  The  drag  of  a 
stream-line  body  is  mostly  skin  friction,  while  that  of  a  heavily-cambered  aerofoil  is  nearly  all 
direct  head  resistance.  Variable  camber,  therefore,  gives  us  a  wing  having  the  high  lift  co- 
efficient of  V.  C.  L.  with  the  objectionable  high  minimum  drag  of  such  a  wing  cut  down  by  75 
per  cent. 

BIPLANES. 

The  first  biplane  series,  with  the  variable  wing  for  the  upper  plane  and  with  the  negative 
stagger,  shows  excessive  stability.  The  vector  diagram  (fig.  11)  was  obtained  by  assuming  a 
center  of  pressure  travel  by  plotting  a  curve  through  the  appropriate  points  in  figure  19.  Up 
to  2\°  the  variable  plane  is  stream  line,  at  4i°  it  is  assumed  to  be  one-third  lifting,  at  8°  to  be 
two-thirds  lifting,  and  12°  to  be  full  lifting. 

If  the  planes  were  attached  to  the  machine  so  that  the  center  of  gravity  was  situated  at  a 
point  on  the  vector  for  2°,  and  slightly  above  the  lower  plane,  the  arrangement  would  be  stable 
under  all  conditions.  Thus,  if  the  incidence  was  increased  to  18°,  a  moment  would  come  into 
play  tending  to  reduce  the  incidence,  while  if  it  was  reduced  to  0°,  the  resulting  moment  would 
cause  it  to  bo  increased.  Even  in  the  abnormal  position  represented  by  the  vector  for  —  lc 
there  would  still  be  a  correcting  moment  to  bring  the  machine  back  to  its  position  of  equilibrium. 
Tho  stability  in  the  case  of  this  biplane  is  excessive  by  reason  of  the  correcting  moment  boing 
too  great.  There  seems  no  reason  why  a  more  satisfactory  arrangement  should  not  be  obtained 
with  a  stagger  of  10  or  15  per  cent.  Forward  stagger  with  this  combination,  however,  would 
cause  very  serious  instability,  as  would  back  stagger  in  the  second  biplane  arrangement. 

This  second  series,  with  the  lower  plane  the  variable  one,  and  the  top  plane  staggered  20 
per  cent  forward,  is  very  satisfactory.  The  vector  diagram  (fig.  12)  shows  sufficient  hut  not 
excessive  stability,  with  all  the  vectors  passing  practically  through  a  point  midway  between 
the  planes.  The  lift  curves  (tig.  20)  are  regular,  and  show  no  serious  falling  off  at  the  burble 
point.  No.  8,  which  is  the  landing-speed  combination,  is  particularly  satisfactory  in  this 
respect,  having  a  flat  top  for  6°.  Even  after  20°,  where  the  flow  does  break  down,  there 
is  a  complete  absence  of  the  abrupt  change  which  is  apparent  in  the  curve  for  the  variable 
wing  as  a  monoplane.    The  lift/drag  curves  (fig.  21)  bring  out  very  dearly  the  advantages  of 
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the  variation  in  camber.  Thus  the  combination  with  the  stream-line  plane  is  most  efficient 
at  the  small  values  of  the  lift  coefficient  appropriate  to  very  high  speeds.  Maximum  lift/drag 
is  obtained  at  high  but  not  top  speeds,  with  the  variable  plane  one-third  lifting,  while  for  climb- 
ing speeds  the  combination  containing  the  two-tbirds  aerofoil  is  most  efficient.  For  landing, 
as  would  be  expected,  the  curve  for  the  combination  with  the  full  lifting  wing  surpasses  all  the 
others.  The  inefficiency  of  this  high  lift  combination,  should  it  be  used  at  high  speeds,  is  very 
apparent. 

Figure  9  is  derived  from  the  lift/drag  against  Cy  curves  in  figures  18  and  21.  The  base  used  in 
this  case  is  speed,  or    /Cy  maximum.    If  Cy  maximum  is  0.56,  it  is  obvious  that  when  Cy  is 

v  cr 

0.14  the  speed  will  have  to  be  double  that  at  Cy  maximum,  in  order  for  the  machine  to  remain 
in  level  flight.  The  curves  show  actual  biplane  figures  for  the  variable  biplanes.  For  the 
R.  A.  F.  6  biplane,  however,  a  correction  was  applied  to  the  monoplane  figures  found  for  the 
particular  model  used  in  all  the  tests.  The  biplane  corrections  used  were  those  given  by  Dr. 
Ilunsakcr.  The  figures  for  lift/drag  for  all  the  curves  have  been  corrected  for  scale  effect. 
Tlie  assumptions  were  made  on  a  basis  of  a  maximum  speed  of  150  miles  an  hour  and  a  total 
area  of  400  square  feet.  A  figure  for  the  skin  friction  of  the  model  was  obtained  from  Znhm's 
equation: 

F  =  0.0000082  A0-93V'-86 

This  was  subtracted  from  the  corrected  balance  reading  for  the  drag  on  the  model,  and  ;i 
coefficient  derived  for  direct  head  resistance.  The  square  law  was  applied  to  this  portion  of 
the  drag,  and  the  total  drag  was  obtained  by  adding  to  it  the  skin  friction  for  the  full-size  planes, 
again  using  Zahm's  formula.  In  the  light  of  some  recent  full-scale  experiments  this  correction 
is  conservative,  but  the  curves  nevertheless  show  a  very  marked  advantage  in  favor  of  the 
suggested  arrangement. 

TBI  PLANE. 

The  triplane  curves  show  the  same  general  characteristics  as  the  biplane.  The  arrange- 
ment is  stable — rather  too  much  so.  A  15  per  cent  setback  of  the  top  and  bottom  planes 
should  give  all  that  is  needed  in  this  respect  and  at  the  same  time  would  be  slight!}-  better 
structurally. 

SUMMARY. 

1.  The  variable  camber  wing  lias  a  maximum  lift  coefficient  of  0.76  (absolute)  and  a  mini- 
mum drag  of  0.0070.    It  has  a  stable  travel  of  the  center  of  pressure  of  0.035  of  the  chord  (fig.  8). 

2.  At  the  wind  tunnel  speed  of  30  miles  an  hour,  its  minimum  drag  is  less  than  one-third 
the  minimum  drag  it  would  have  if  the  full  lifting  shape  were  to  be  used  at  small  angles  of  inci- 
dence (fig.  15).    Under  full-size  conditions  this  would  be  about  a  quarter. 

3.  When  used  in  a  biplane,  the  lift/drag  is  doubled  at  speeds  in  excess  of  2.1  times  the 
landing  speed,  and  trebled  at  three  times  the  landing  speed.  Similar  results  were  obtained 
in  a  triplane  (figs.  9  and  10). 

4.  A  biplane  with  20  per  cent  forward  stagger  shows  satisfactory  stability  in  the  planes 
tbemselves.  A  biplane  with  20  per  cent  back  stagger,  and  a  triplane  combination,  show  some- 
what excessive  stability  (figs.  11,  12,  and  13). 

5.  The  device  involves  changes  in  the  ribs  only. 

6.  A  rib  tested  at  the  Bureau  of  Standards  of  the  same  chord  length  as  the  Curtiss  JN  I . 
weighed  10  per  cent  less  than  that  type  of  rib  and  showed  a  factor  of  safety  of  1  I . 
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Aerofoil  VCS. 


Distance  from 
leading  edge. 


Length  of  ordi- 
nate. 


Above 
chord. 


Below 
chord. 


0.  00 

0. 0000 

.05 

.0283 

.  10 

.  0358 

.20 

.0-105 

.30 

.  0405 

.40 

.  0377 

.50 

.0333 

.  60 

.0295 

.  70 

.  0236 

.80 

.0180 

.90 

.  010S 

1.00 

.  0035 

Aerofoil  VtyL. 


Distance 

from 
leading 

edge. 

Ordinates. 

Upper 
surface. 

Lower  sur- 
face. 

0. 000 

0. 0205 

0. 0205 

.025 

.0456 

.0000 

.050 

.  0540 

.0013 

.075 

.OfiOO 

.0027 

.  100 

.0660 

.0037 

.200 

.0770 

.0060 

.300 

.0773 

.0063 

.400 

.0693 

.0056 

.500 

.0630 

.0050 

.600 

.0546 

.0043 

.700 

.0440 

.0037 

.800 

.  0330 

.0027 

.900 

.0304 

.0013 

1.000 

.0070 

.0000 

Flo.  5 


I 
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Aerofoil  VC\L. 


Distance 

from 
leading 

edge. 

Ordinates. 

Upper 
surface. 

Lower  sur- 
face. 

0.  000 

0. 0205 

0. 0205 

.025 

.0483 

•  .cooo 

.050 

.0613 

.0021 

.  100 

.0773 

.0053 

.200 

.0915 

.0106 

.300 

.0945 

.0153 

.400 

.0897 

.0145 

.500 

.0803 

.0133 

.600 

.06S0 

.0096 

.  700 

.  0543 

.0066 

.800 

.0396 

.0038 

.900 

.0233 

.0019 

1.000 

.0070 

.0000 

Aerofoil  VCL. 


Distance 

from 
leading 
edge. 

Ordinates. 

Upper 
surface. 

Lower  sur- 
face. 

0.000 

0. 0205 

0. 0205 

.  125 

.0430 

.0017 

.025 

.0543 

.0000 

.050 

.0695 

.0058 

.100 

.0888 

.0152 

.200 

.1068 

.0255 

.300 

.1114 

.0301 

.400 

.1080 

.0316 

.500 

.0966 

.0300 

.600 

.0816 

.0242 

.700 

.0646 

.0173 

.800 

.0466 

.0108 

.900 

.0268 

.0054 

1.000 

.0070 

.0000 

Fir,.  6. 
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Km  U.  -Vector  diagram  for  Parker  biplane.    Upper  plane:  Variable  camber.    Lower  plane:  RAFo.    Stagger  20  per 

tent  npgative.   Gap— chord. 
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Fia.  12.— Vector  diagram  for  Parker  biplane.   Upper  plane:  RAFO.   Lowor  plane:  Variable  camber.   S  agger  - 

per  cent  positive.  Gap—chord. 
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Kio.  13.  -Vector  diagram  for  Parker  triplano 
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APPENDIX. 


Aerofoil,  variable  camber,  stream-line,  model  (a). 


Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drag. 

Center  of  1 
pressure 
co-efficient.  1 

-6.4 

0.  0152 

-0. 2510 

-16.  58 

0.  224 

-5.4 

.0129 

-  .2124 

-16.61 

.226 

-4.4 

.  0104 

-  .1759 

-16.84 

.225 

-3.4 

.0088 

-  .1398 

-15.  96 

.234 

-2.4 

.007* 

-  .1039 

-13. 23 

.244 

-1.4 

.0065 

-  .0637 

-  9.85 

.272 

-  .4 

.0060 

-  .0183 

-  3.06 

.242 

.6 

.0066 

.  0290 

4.  39 

.269 

1.6 

.0075 

.0724 

9.  74 

.255 

2.6 

.0091 

.  1090 

12. 06 

.238 

3-6 

.0104 

.  1436 

13.80 

.225 

4.6 

.0127 

.  1810 

14.  20 

.225 

5.6 

.0150 

.2178 

14.50 

.225 

Model: 

Chord   3  inches. 

Span   18  inches. 

Material   Bakelite,  paper  base. 

Air  speed   40  miles  per  hour. 

Center  of  pressure  coefficient   Distance  of  center  of  pressure  from  leading  edge. 

in  fractional  part  of  chord. 

Reference  line   Angle  of  no  lift. 

No!  plottpd.) 
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Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drae. 

Center  of 
pressure 
co-efficient. 

_  3 



0. 0099 

—0. 1236 

—  12. 48 

0.  286 

_  2 

0081 

—  0886 

— 10. 55 

261 

_  i 

.  0074 

—  0433 

  5  85 

269 

0 

.0070 

-  !0025 

-  !36 

^316 

1 

.0074 

.  0352 

4.76 

.224 

2 

.0087 

.0822 

9. 45 

.252 

3 

.0100 

.  1183 

11.80 

.244 

4 

.0114 

.  1540 

13.  50 

.232 

6 

0165 

.  2230 

13.  50 

.228 

8 

0248 

.2920 

11.80 

.225 

10 

04E6 

.3420 

7. 50 

.243 

12 

.  0760 

.3630 

4.  78 

.307 

14 

0980 

.3580 

3.  66 

.341 

16 

1100 

3550 

3.  06 

.356 

18 

.  1330 

3530 

2.  66 

.363 

20 

.  1490 

.3550 

2.  38 

.366 

Model: 

Chord  3  inches. 

Span  18  inches. 

Material  Bakelite,  cloth  base. 

Airspeed  30  miles  per  hour.  • 

Center  of  pressure  coefficient  Distance  of  center  of  pressure  from 

leading  edge,  in  fractional  part 
of  chord. 

Reference  lino  Center  lino  of  section  of  aerofoil. 

Aerofoil,  variable  camber,  one-third  lifting  model  (a). 


Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
I'Hicient 
(absolute). 

Lift/drag. 

Center  of 
pressure 
coefficient. 

-  4 

0. 0114 

-0.  0766 

-  6.74 

-0. 050 

-  3 

.0097 

-  .0424 

-  4.37 

-  .076 

-  2 

.0091 

-  .0002 

-  .25 

-4.930 

-  1 

.0087 

.  (M.V) 

5.  20 

.575 

0 

.0084 

.0916 

10.91 

.417 

1 

.0096 

.  1341 

14.  00 

2 

.0113 

.1721 

15.  18 

.329 

4 

.0161 

.2560 

15.  26 

.294 

6 

.0218 

.  3182 

14.56 

.  280 

8 

.0303 

.3898 

12. 87 

.273 

10 

.0412 

.4540 

11.01 

.270 

12 

.0762 

.4528 

5.  94 

.307 

14 

.  1033 

.  4266 

4.13 

.347 

16 

.  1255 

.4110 

3.  27 

.368 

18 

.  1461 

.4120 

2.  82 

.377 

20 

.1670 

.4134 

2.47 

.383 

Model: 

Chord  3  inches. 

Span  »  18  inches. 

Material  Bakelite,  pap?r  base. 

Air  speed  :  40  miles  per  hour. 

Reference  line  Tangent  to  lower  surface  at  trail- 
ing edge. 

(Not  plotted.) 
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Aerofoil,  variable  camber,  one-third  lifting  model  (a). 


Angle  of 
attack 
(degrees). 

Drag  coeffi- 
cient 
(absolute). 

Lift  coeffi- 
cient 
(absolute) . 

Lift/drag. 

—  5 

0.  01 545 

—0  1103 

—  7.  09 

  4 

0120 

  0737 

—  5  85 

_  2 

.  \J  1  U6 

—  0034 

| 

mi' h; 

.  0412 

4  30 

0 

!  0099 

!0925 

9.  32 

1 

.0111 

.  1378 

12  44 

2 

.0129 

.  1752 

13.54 

3 

.0153 

.2140 

13.  97 

4 

.0173 

.  2474 

14.  30 

6 

.0243 

.3218 

13.25 

8 

.  0330 

3932 

11.  91 

10 

.0456 

.4556 

9.  99 

12 

.  0829 

.4468 

5.39 

14 

.  1069 

.4140 

3.87 

16 

.1290 

.4080 

3.16 

18 

.  1487 

.4090 

2.75 

20 

.  1680 

.4100 

2.  44 

Model: 

Chord   3  inches. 

Span   18  inches. 

Material   Bakelite,  paper  base. 

Air  speed  30  miles  per  hour. 

Reference  line  Datum  line  of  template. 


Aerofoil,  variable  camber,  one-third  lifting  model  (b). 


Angle  of 
attack 
(degrees). 

Drag  coeffi- 
cient 
(absolute). 

Lift  coeffi- 
cient 
(absolute). 

Lift/drag. 

-  6 

0. 0187 

-0. 1159 

-  6.20 

-  4 

.0127 

-  .  0463 

-  3.  64 

-  2 

.0102 

.0278 

2  73 

0 

.0107 

.1246 

11.67 

2 

.0145 

.2018 

13.90 

3 

.0165 

.2366 

14.35 

4 

.0190 

.2740 

14.  40 

6 

.0268 

.3510 

13.08 

8 

.0356 

.4198 

11.  76 

10 

.0481 

.  4810 

10.  00 

12 

.0874 

.4582 

5.  24 

14 

.  1094 

.  4290 

3.92 

16 

.  1324 

.  4158 

3.14 

18 

.  1509 

.4122 

2  73 

20 

.  1715 

.  4108 

2.39 

Model: 

Chord  3  inches. 

Span  18  inches. 

Material  Bakelite,  cloth  base. 

Air  speed  30  miles  per  hour. 

Reference  line  Tangent  to  lower  surface  at  trailing  edge 

(Not  plotted.) 
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Aerofoil,  variable  camber,  Iwo-lhirds  lifting. 


Angle  of 

Drag  co- 

Lift co- 

Center of 

attack 

efficient 

efficient 

Lift/drag. 

pressure 

(degrees). 

(absolute). 

(absolute). 

coefficient. 

-6 

0.  0362 

-0. 1243 

-3.  44 

+0.  174 

-5 

.0295 

-  .0850 

.  -2.88 

.061 

-4 

.0248 

-  .0352 

-1. 42 

-  .377 

-3 

.0202 

.  0206 

L  02 

+L661 

-2 

.0168 

.0701 

4. 18 

.689 

—  1 

.  0160 

.  1177 

7.  35 

.509 

0 

.0157 

.  1544 

9.84 

.435 

1 
1 

1  09  =i 

.  IV CO 

TO    1 0 

.  oUo 

2 

.0169 

.2282 

13.  52 

.366 

3 

.0190 

.2684 

14.  21 

.344 

4 

.0220 

.3041 

13.  82 

.330 

6 

.0282 

.3792 

13.  43 

.309 

8 

.o:;r,t 

.4505 

12.  38 

.297 

10 

.0448 

.5110 

11.40 

.289 

12 

.0571 

.5610 

9.82 

.281 

14 

.0978 

.4975 

5.  09 

.324 

16 

.1254 

.4455 

3.  56 

•  .360 

18 

.1420 

.4270 

3.  01 

.377 

20 

.1619 

.4185 

2.58 

.382 

Model : 

Chord  3  inches.  '  . 

Span  18  inches. 

Material  Bakelite,  cloth  base. 

Air  speed  '  30  miles  per  hour. 

Reference  line  Common  tangent  to  lower  surface. 


Aerofoil,  variable  camber,  lifting  model  (a). 


Angle,  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drag. 

Center  of 
pressure 
coefficient. 

-7 

0.  0425 

-0. 1114 

-2.  62 

0.  240 

-6 

.0373 

-  .0706 

-1.89 

.071 

-5 

.0321 

-  .0212 

-  .66 

-  .782 

-4 

.0285 

.0288 

L  01 

1. 497 

-3 

.0251 

.0740 

2.95 

.790 

-2 

.0236 

.1194 

5.  07 

.599 

-1 

.0229 

.1637 

7. 16 

.511 

0 

.0228 

.2028 

8.92 

.460 

1 

.0232 

.2432 

10. 48 

.429 

2 

.0240 

.2826 

11.  77 

.398 

3 

.  0262 

.3200 

12.  20 

.381 

4 

.0284 

.3588 

12.  62 

.367 

6 

.0349 

.4324 

12.40 

.345 

8 

.0430 

.5100 

11.88 

.331 

10 

.0528 

.5780 

10.  95 

.324 

12 

.0636 

.  6415 

10. 10 

.317 

14 

.0768 

.  rmr, 

9.  07 

.314 

16 

.0901 

.  7325 

8. 13 

.311 

17 

.1363 

.4985 

3.66 

18 

.1467 

.4765 

3.  25 

.'386 

20 

.1665 

.4650 

2.  79 

.392 

Model : 

Chord  3  inches. 

Span  18  inches. 

Material  Bakelite,  cloth  base. 

Air  speed  30  miles  per  hour. 

Reference  line  Common  tangent  to  lower  surface 

(Not  plotted.) 
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Aerofoil,  variable  camber,  lifting  model  (6). 


n  t  tack 

v    l  ,  i  _    v         .  . 

clout 

Lift  roefli- 

01011 1 

. .  >  •  ■ '  i  til*. 

T.i  ft /Arm* 

Q 

—  o 

U.  wO  1  1 



— U.  li/O 

—  L.  H.I 

r> 
—  u 

A  i  AA 

—  .  U/i9 

1  CO 

—  1.  oJ 

—4 

.  IKHnJ 

A*}AA 

no 

-2 

.0251 

.  12(i3 

5.04 

o 

0225 

.2135 

9  48 

2 

.  0228 

.2930 

12.84 

3 

.0251 

.3330 

13.  25 

4 

.0275 

.  3738 

13.  59 

6 

.034 1 

.4525 

13.  28 

8 

.0421 

.  52C.5 

12.50 

10 

.0514 

.  5945 

11.57 

12 

.0G45 

.  G090 

10.  37 

14 

.0770 

.7190 

9.34 

10 

.0027 

.  7G10 

8.21 

17 

.1371 

.5190 

3.  78 

18 

.1480 

.5000 

3.36 

Chord  3  inches. 

Span  18  inches. 

Material  Bakelite,  cloth  base. 

Air  speed  30  miles  per  hour. 

Reference  line  Common  tangent  to  lower  s  jrface. 


Aerofoil  R.  A.  F.  6. 


Angle  of 
attack 
(degrees). 

Drag  coeffi- 
cient 
(absolute). 

Lift  coeffi- 
cient 
(absolute). 

Lift/drag. 

-4 

0.0200 

-0.  OS05 

-3.  25 

-3 

.0220 

-  .0455 

-2.07 

-2 

.  0181 

-  .0010 

-  .87 

-1 

.  0159 

.0407 

2.  56 

0 

.0148 

.0900 

G.  10 

1 

.0138 

.  1453 

10.  51 

2 

.0141 

.  1927 

13.  GG 

3 

.0158 

.  2310 

14.  67 

4 

.0178 

.2G5G 

14.  91 

fi 

.0241 

.3310 

13.  73 

8 

.  0320 

.4042 

12.41 

10 

.0421 

.  4G50 

11.05 

12 

.0534 

.5220 

9.78 

14 

.0848 

.4910 

5.  79 

16 

.1080 

.4300 

4.04 

18 

.1297 

.4242 

3. 27 

20 

.  1457 

.4274 

2.94 

22 

.  1050 

.4258 

2.  57 

24 

.1880 

.4232 

2.24 

Model: 

Chord  

Span  

Material . . 

Air  speed  

Reference  line. 
(Not  plotted.'* 


.3  inches. 
.18  inches. 
.Wood. 

.30  miles  per  hour. 

.Common  tangent  to  lower  surface 


PARKER  VARIABLE  CAMBER  WING. 

Parker  biplane  No.  1. 
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Angle  of 

Drag  co- 

T 

Lift  co- 

Center of 

attack 

efficient 

efficient 

Lut/clrag. 

pressure 

(degrees). 

(absolute). 

(absolute). 

coefficient. 

—2 

0.  0140 

—0.  0587 

—4. 02 

0.  325 

—  1 

.0132 

—  .0253 

—  1.92 

.  392 

0 

.  0118 

.  0122 

1. 03 

.  165 

1 

.0109 

.0490 

4. 50 

.290 

o 

X 

fil  ft? 

.  UM( 

7  R9 

■  OVO 

3 

.0116 

.1174 

10. 12 

.320 

4 

.  0125 

.1485 

U.89 

.329 

5 

.0149 

.1788 

12.00 

.327 

6 

.0170 

.2056 

12.09 

.328 

8 

.0226 

.  2596 

11.50 

.329 

10 

.  0305 

.3130 

10.  27 

.337 

12 

.  0395 

.  3615 

9. 14 

.341 
.346* 

14 

.  0546 

.  3965 

7.  26 

16 

.0840 

.  3875 

4.61 

.396 

18 

.  Illlll 

.3710 

3.  37 

.399 

20 

.1272 

.  3615 

2. 84 

.405 

Upper  plane  V.  C.  S. 

Lower  plane  R.  A.  F.  6. 

Chord  3  inches. 

Span  18  inches. 

Gap  3  inches. 

Stagger  20  per  cent  negative. 

Decalagc  Upper  plane  sot  at  2$°  less  incidence  than  lower 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  R.  A.  F.  6,  lower  plane. 

Center  of  pressure  At  chord  of  lower  plane. 

Parker  biplane  No.  i. 


Angle  of 
attack 
(degrees). 

Hrag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drag. 

Center  of 
pressure 
coefficient. 

-2 

0. 0158 

-0. 0334 

-2.12 

0. 052 

-1 

.0136 

-  .0010 

-  .07 

-6.300 

0 

.0126 

.  0344 

2.  73 

.  536 

1 

.0115 

.  0705 

6. 13 

.435 

2 

.0109 

.  1051 

9. 65 

.412 

3 

.  0115 

.  1423 

12.37 

.403 

4 

.0125 

.1720 

13.78 

.393 

6 

.0179 

.  2295 

12. 82 

.378 

8 

.  0234 

.2800 

12.00 

.375 

10 

.0304 

.3380 

11.11 

.381 

12 

.0395 

.3810 

9.65 

.385 

14 

.  0556 

.4200 

7.55 

.405 

16 

.0855 

.4080 

4. 77 

.428 

18 

.  1001 

.3860 

3.64 

.427 

20 

.1259 

.3670 

2.  92 

.424 

Upper  plane  V.  C.  one-third  lifting. 

Lower  plane  R.  A.  F.  6.  1 

Chord  3  inches. 

Span  18  inches. 

Gap  3  inche?. 

Stagger  20  per  cent  negative. 

Decalage  Upper  plane  set  at  1J°  less  incidence  than  lower. 

Air  speed  '.  30  miles  per  hour. 

Reference  line  Chord  of  lower  plane  R.  A.  F.  6. 

Center  of  pressure .  ■  At  chord  of  lower  plane. 
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Parker  biplane  No.  3. 


Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/driti*. 

*     1  '  N  1  t  •  1'  Ml 
'    111'    I     1  ' 1 

pressure 
coellicieiif 

I.UVII1^1C11|1. 

_4 

0  0251 

— n  n.ui^ 

—  u.  Uia.J 

 '  

—  1.  vi 

I  n  mi 
-f-U.  IVi 

—3 

0212 

  (HI'IO 

—   .  UWU 

AO 

 2 

oi  m; 

i.  DO 

_1 

.  0169 

.  VDOI) 

.  009 

0 

!oi65 

.  1075 

6.52 

.  555 

1 

.015.K 

.1427 

9. 06 

.  512 

2 

.0160 

.1764 

11.01 

.481 

3 

.0173 

.2073 

12.01 

.463 

4 

.0194 

.2380 

12.  29 

.452 

6 

.0248 

.2944 

11.85 

.437 

8 

.0321 

.  3530 

10. 99 

.432 

10 

.  0415 

.4090 

9.86 

.430 

12 

.  0520 

.4615 

8. 88 

.433 

14 

.0709 

.4845 

6.  84 

.458 

16 

.1005 

.4485 

4.  46  ' 

.460 

18 

.  1226 

.4230 

3.45 

.  457 

20 

.  1412 

.  4025 

2. 85 

.453 

Upper  plane  V.  C.  two-thirds  lifting. 

Lower  plane  R.  A.  F.  6. 

Chord  3  inches. 

Span  18  inches. 

Gap  3  inches. 

Stagger  20  per  cent  negative. 

Decalage  Upper  plane  set  at  i°  less  incidence  than  lower. 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  lower  plane,  R.  A.  F.  6. 

Center  of  pressure  At  chord  of  lower  plane. 

Parker  biplane  No.  4. 


Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficienl 
(absolute). 

Lift/drag. 

Center  of 
pressure 
coefficient. 

-5 

0.  0331 

-0. 0652 

-1.97 

0.159 

-4 

.0284 

-  .0275 

-  .97 

-  .360 

-3 

.0247 

.0116 

.47 

2. 824 

-2 

.0221 

.0472 

2. 14 

.952 

-1 

.0205 

.0820 

4.00 

.712 

0 

.0198 

.1163 

5. 87 

.614 

1 

.0197 

.1531 

7.  76 

.567 

2 

.0200 

.1903 

9.52 

.534 

3 

.0206 

.2234 

10.84 

.511 

4 

.0224 

.  2536 

11.35 

.498 

6 

.0278 

.  3136 

11.27 

.481 

8 

.0350 

.3720 

10.  63 

.472 

10 

.0440 

.4275 

9.  73 

.464 

12 

.  0547 

.4820 

8.81 

.463 

14 

.0722 

.5180 

7. 19 

.489 

15 

.0823 

.5205 

6.32 

.517 

16 

.0898 

.  5275 

5. 87 

.534 

18 

.1051 

.5395 

5. 14 

.557 

20 

.1391 

.4255 

3. 06 

.498 

22 

.1578 

.4120 

2.  61 

.491 

Upper  plane  V.  C.  L. 

Lower  plane  R.  A.  F.  6. 

Chord  3  inches. 

Span  18  inches. 

Gap  ,  3  inches. 

Stagger  «.  20  per  tent  negative. 

Decalage  Upper  plane  set  at  £°  greater  incidence  than  lower- 
Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  lower  plane,  R.  A.  F.  6. 

Center  of  pressure  At  chord  of  lower  plane. 


PARKER  VARIABLE  CAMBER  WING. 
Parker  biplane  No.  5. 


\  turhi  ill' 

T  )ri|  tv  o<\ 
1  'I  HJf  i  *)- 

■  .  |  i  1 1  i  i  1 1  i  ■ 
1  '11 1<  1<  '111 

T  iff  nn 

VUH  It'll  li 
1  ill  KKMUBQ  J  . 

T  i  f f  It]  r*i  <r 
1  JUhfMi 

r'on  tor  of 

Iipjujtjl  1  Ml 

—  I 

A   AT  Oil 

0.  U1J4 

A  A^AI 

— 4.  oO 

A   1  AA 

0.  Jo4 

—  1 

.  0109 

—  . 0274 

—z,  ou 

.  -■  i  1 

A 
(1 

.  0094 

•  AAn*7 
.  U097 

1 .  Ill 

IYIQ 

—  .  Uoy 

1 

.0089 

.0478 

5. 36 

.127 

2 

.  0089 

.0840 

9. 41 

.  153 

3 

.0101 

.  1133 

11.27 

.145 

4 

.0118 

.1442 

12.21 

.144 

5 

.0138 

.  1735 

12.  60 

.  150 

6 

.on;;; 

.2014 

12.33 

.151 

8 

.0223 

.  2580 

11.58 

.  158 

10 

.  029-1 

.3080 

10.48 

.  164 

12 

.0388 

.3580 

9.  23 

.175 

14 

.0564 

.4110 

7.  29 

.189 

16 

.0886 

.3900 

4.40 

.214 

18 

.  1127 

.3870 

3.44 

.233 

20 

.1328 

.3860 

2.  91 

.250 

Upper  plane  R.  A.  F.  6. 

Lower  plane  V.  C.  S. 

Chord  3  inches. 

Span  18  inches. 

Gap  3  inches. 

Stagger  20  per  cent  positive. 

Decalage  Lower  plane  set  at  2\°  less  incidence  than  upper. 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  R.  A.  F.  6. 

Center  of  pressure  At  chord  of  lower  plane. 


Parker  biplane  No.  6. 


Angle  of 
attack 
(degrees). 

Drag  co- 
cllicicnt 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drag. 

Center  of 
pressure 
coefficient. 

-3 

0.  0161 

-0.  0497 

-3. 10 

-0.  021 

-2 

.0138 

-  .0198 

-1.44 

-  .207 

-1 

.0124 

.  0107 

.86 

.725 

0 

.  0IOS 

.0481 

4. 45 

.275 

1 

.0106 

.0841 

7.  96 

.219 

2 

.0107 

.1153 

11. 10 

.206 

3 

.0121 

.  1530 

12.  67 

.  198 

4 

.0140 

.  1845 

13.22 

.  192 

5 

.0160 

.2130 

13.34 

.  184 

6 

.  0195 

.2420 

12.41 

.  179 

8 

.0264 

.2964 

11.24 

.  176 

10 

.0340 

.3510 

10.  33 

.  179 

12 

.  0437 

.3955 

9.05 

.  180 

14 

.  n.Vi.s 

.4355 

7.  81 

.  182 

16 

.0887 

.4230 

4.  77 

.  194 

18 

.  1150 

.4105 

3.  57 

.223 

20 

.  1333 

.3980 

2.  99 

.242 

R.  A.  F.  6. 

V.  C.  one-third  lifting. 
3  inches. 
18  inches. 
3  inches. 

20  per  cent  positive. 

Ixiwer  plane  set  at  li°  less  incidence  than  upper. 
30  miles  per  hour. 
Chord  of  R.  A.  F.  6. 
At  chord  of  lower  plane. 


Upper  plane  

Lower  plane  

Chord  

Span  

Gap   

Stagger  

Decalage  

Air  speed  

Reference  line  

Center  of  pressure  
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Parker  biplane  No.  7. 


Angle  of 

Drag  co- 

Lilt co- 

Center of 

attack 

efficient 

efficient 

Lift/drag. 

pressure 

(degrees). 

(absolute). 

(absolute). 

coefficient. 

-4 

0. 0242 

-0.  0391 

-1.  61 

-0.  277 

-3 

.0207 

-  .0035 

—  .17 

-4.  070 

-2 

.  0182 

.  0310 

1.  70 

.  757 

-1 

.  0100 

.0002 

4. 13 

.437 

0 

.0149 

.  1022 

6.  85 

.333 

1 

.0141 

.  1385 

9.81 

.283 

2 

.0147  ' 

.  1711 

11.  01 

.200 

3 

.01G4 

.2041 

12.41 

.241 

4 

.0185 

.2330 

12.  55 

.220 

6 

.0241 

.2912 

12.11 

.211 

8 

.0314 

.3404 

11.03 

.211 

10 

.0393 

.4005 

10. 19 

.217 

12 

.0498 

.4520 

9.  08 

.218 

14 

.  0020 

.4980 

8.04 

.224 

15 

.0720 

.51C0 

7. 11 

.224 

1G 

.0872 

.4910 

5.  G3 

.222 

18 

.  1142 

.4010 

4.04 

.239 

20 

.1455 

.4400 

3.04 

.250 

Upper  plane  R.  A.  F.  6. 

Lower  plane  V.  C.  two-thirds  lifting. 

Chord  3  inches. 

Span  18  inches. 

Gap  3  inches. 

Stagger  20  per  cent  positive. 

Decalage  Lower  plane  set  at  i°  less  incidence  than  upper. 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  R.  A.  F.  6. 

Center  of  pressure  At  chord  of  lower  plane. 


Parler  biplane  No.  8. 


Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drag. 

Center  of 
pressure 
coefficient. 

-5 

0. 0293 

-0. 0385 

-1.  32 

-0. 407 

-4 

.0258 

-  .0040 

-  .18 

-3.  820 

-3 

.  0231 

.  0305 

1.  32 

1. 070 

-2 

.0210 

.  0040 

3.04 

.579 

-1 

.0193 

.0983 

5.  10 

.425 

0 

.0180 

.  1347 

7.  23 

.350 

1 

.0189 

.1730 

9.  14 

.309 

2 

.0193 

.  2003 

10.  70 

.285 

3 

.0209 

.2409 

11.54 

.205 

4 

.0233 

.2701 

11.  00 

.250 

6 

.0200 

.3290 

11.33 

.237 

8 

.  0371 

.3880 

10.40 

.230 

10 

.0458 

.4410 

9.  04 

.231 

12 

.0502 

.  4930 

8.80 

.233 

14 

.0084 

.5420 

7.94 

.237 

15 

.0747 

.  5000 

7.  57 

.242 

10 

.0914 

.5510 

6.03 

.240 

18 

.  1100 

.  5390 

4.91 

.239 

20 

.  1280 

.5450 

4.  20 

.238 

22 

.  1880 

.4780 

2.83 

.270 

24 

.1915 

.4500 

2.  35 

.280 

Upper  piano  R.  A.  F.  6. 

Lower  plane  V.  C.  L. 

Chord  3  inches. 

Span  \  18  inches. 

Gap  3  inchos. 

Stagger  20  per  cent  positive. 

Decalage  Lower  plane  set  at  i°  greater  incidence  than  upper. 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  R.  A.  F.  6.  . 

Center  of  pressure  At  chord  of  lower  plane. 


PARKER  VARIABLE  CAMBER  WTSQ.  fti-i 


Parker  triplane  No.  1. 


Andc  of 

.  i  1  T  ■  i  •  ■  1  r 

(degrees) . 

1 )rag  co- 
efficient 
(absolute). 

T  Iff  rtn 

lA\t  CO- 

Gflicicnt 
(absolute). 

T  i  if-  1 /\     i  f 
IjII  l/Ura^. 

(  enter  of 
proisy  i  a  co- 
efficient. 

0 

0. 0099 

—  0.  01fi3 

—  1.  CA 

0.  469 

1 

.0091 

.01^2 

1.  78 

.281 

o 

£t 

Anon 

O.  O-I 

352 

3 

.0100 

.  0790 

7.  97 

!  358 

4 

.0113 

.1080 

9.  58 

.  359 

5 

.0129 

.  1392 

10.  70 

.361 

0 

.0154 

.  ir.ro 

10.  78 

.356 

8 

.0209 

.2172 

10.  38 

.351 

10 

.  027!) 

•  .2050 

9.67 

.347 

12 

.  0361 

.3115 

8.  64 

.348 

14 

.  0504 

.  3600 

7.  14 

.36.0 

16 

.  0824 

.  3785 

4.  CO 

.405 

18 

.  1032 

.  3075 

3.  39 

.435 

20 

.  12C5 

.3630 

2.  87 

.445 

Top  plane  V.  C.  S. 

Middle  plane  R.  A.  F.  6. 

Bottom  plane  V.  C.  S. 

Chord..:  3  inches. 

Span  18  inches. 

Gap  3  inches. 

Stagger  Top  and  bottom  planes  set  20  per  cent  of  chor  l 

behind  middle  plane. 

Decalage  :  Top  and  bottom  planes  set  at  2J°  loss  incidence 

than  middl?  plane. 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  R.  A.  F.  6. 

Center  of  pressure  At  chord  of  middle  plane. 


Parker  triplane  No.  2. 


Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drag. 

Center  of 
pre^ure  co- 
efficient. 

-2 

0.  0146 

-0.  0353 

-2. 42 

-0.  049 

0 

.0118 

.0243 

2. 05 

.870 

2 

.0110 

.  0385 

8.09 

.491 

4 

.0140 

.  1553 

11.  10 

.438 

5 

.0161 

.  1829 

11.34 

.422 

6 

.0186 

.  2076 

11.  19 

.406 

8 

.0246 

.  2f  20 

10.  63 

.387 

10 

.  0325 

.31C0 

9.  72 

.378 

12 

.0413 

.  3656 

8.  86 

.372 

14 

.0518 

.4102 

7.92 

.373 

16 

.0778 

.4290 

5.52 

.411 

18 

.  1108 

.4123 

3.  73 

.440 

20 

.1323 

.4010 

3.  03 

.461 

Top  plane  V.  C.  one-tldrd  lifting. 

Middle  plane  R.  A.  F.  6. 

Bottom  plane  V.  C.  one-third  lifting. 

Chord  3  in' hos. 

Span  18  inches. 

Gap  3  inches. 

Stagger  Top  and  bottom  planes  rot  20  per  cent  of  chord 

behind  middle  plane. 

Decalage  Top  and  bottom  planes  set  at  1$°  less  incidence 

than  middle  plane. 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  R.  A.  F.  6. 

Center  of  pressure  At  chord  of  middle  plane 
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Parker  triplane  No.  4. 


Angle  of 
attack 
(degrees). 

Drag  co- 
efficient 
(absolute). 

Lift  co- 
efficient 
(absolute). 

Lift/drag. 

Center  of 
pressure  co- 
efficient. 

—  5 

0.  0310 

—  0.  0218 

—  0.  70 

—  1. 191 

—4 

027") 

012!) 

47 

4. 208 

_2 

.  11227 

0779 

3. 43 

.  927 

o 

.  0212 

.  1414 

6.  68 

.  670 

2 

.  0220 

2048 

9.  32 

566 

3 

(I22S 

2324 

ID.  27 

536 

4 

112")") 

.  2652 

III  ;<i 

.  510 

6 

!  0312 

!3205 

lit!  !',!! 

!482 

8 

.0385 

.3755 

9.  77 

.402 

10 

.0483 

.4330 

8.  96 

.450 

12 

.  0587 

8.  26 

.440 

14 

.0716 

.  5345 

7.  47 

.434 

15 

.0781 

.  r,r,.in 

7.  10 

.437 

16 

.0893 

.5695 

6.  38 

.456 

17 

.0988 

.  5755 

5.82 

.470 

18 

.  1064 

.5825 

5. 48 

.473 

19 

.  1142 

.  5910 

5. 17 

.404 

20 

.1332 

.5275 

3.  96 

.441 

22 

.1640 

.4565 

2.  78 

.478 

24 

.1870 

.4465 

2.39 

.487 

Top  plane  V.  C.  L. 

Middle  plane  R.  A.  F.  6. 

Bottom  plane  V.  C.  L. 

Chord  «  3  inches. 

Span  18  inches. 

Gap  3  inches. 

Stagger  Top  and  bottom  planes  set  20  per  cent  of  chord 

behind  middle  plane. 

Decalage  Top  and  bottom  planes  set  at  J°  greater  incidence 

lhan  middle  plane. 

Air  speed  30  miles  per  hour. 

Reference  line  Chord  of  R.  A.  F.  6. 

Center  of  pressure  At  chord  of  middle  plane. 


Lift/drag  against  speed. 


Parker  biplane 
back  stagger. 

Parker  biplane 
forward  stagger. 

R.  A.  F.  6  biplane. 

Parker  triplane. 

R.  A.  F.  6  tri- 
plane. 

Speed. 

Lift/drag. 

Speed. 

Lift/drag. 

Speed. 

Lift  drag. 

Speed. 

Lift/drag. 

Speed. 

Lift  drag. 

3.  32 
2.  54 
2.  25 
1.95 
1.  77 
1.35 
1.24 
1. 15 
1.06 
1.02 
1.00 

5.55 
9.  75 

12.  33 
15. 13 
16.51 

13.  00 
11.  80 
10.40 

8.  50 
7.40 
5.24 

3.  440 
2.  600 
2.  240 
1.  920 
1.  750 
1.  630 
1.  390 
1.  280 
1. 190 
1.  070 
1.  025 
1.000 

7.05 

12.  38 

14.  24 

15.  40 
15.  60 
15.  40 

13.  20 
11.84 
10.80 

9. 13 
8.18 
7.  80 

3.58 
2.  42 
1.90 
1.  65 
1.50 
1.40 
1.26 
1.14 
1.06 
1.00 

2.  30 
5.  22 
9.20 

12.  00 
13.20 

13.  90 
12.  80 
10.  90 
10.  35 

9.  70 

3. 42 
2.  73 
2.  34 
1.95 
1.80 
1.  69 
1.25 
1. 17 
1.10 
1.05 
1.  02 
1.00 

7.  30 
10.  10 
11.80 
13. 15 
13.  Ill 
12.  00 
10.28 
9.  35 
8.60 
7.  70 
6.  55 
5.  26 

3.  58 
2.  42 
1.90 
1.  65 
1.50 
1.50 
1.26 
1. 14 
1.06 
1.00 

2. 10 
5. 05 
8.  80 

11.  25 

12.  40 
12.  90 
11.70 
10.  70 

9.90 
9.10 

PARKER  VARIABLE  CAMBER  WING. 


Deflection  of  rib  under  overloads. 


Load. 

Deflection. 

Number 
of  flying 
loads. 

Total 
load 
(pounds). 

In  inches,  at  distance  from  leading  edge  of — 

1J  inches 
(front 
spar). 

12  inches 
(A). 

21  inches 
(B). 

30  inches 

(C). 

39  inches 
(rear  spar). 

60  inches 
( trailing 

edge)  (D). 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

33.5 
67.0 
100.5 
134.0 
167.5 
201.0 
234.5 
268.0 
301.5 
335.0 
368.5 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

.066 
.092 
.137 
.  186 
.208 
.244 
.324 
.354 
.400 
Rib  failed 

0 

.081 
.  130 
.178 
.228 
.260 
.303 
.349 
.385 
.437 
by  bu<  klii 

0 

.061 
.  Ill 

.164 
.  199 
.229 
.266 
.306 
.342 
.393 
lg  of  chann 

0 
0 
0 
0 

f' 

0 
0 
0 
0 

el  Manges. 

0 

-.020 
-.050 
-.103 
-.105 
-.089 
-.095 
-.090 
-.093 
-.092 
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THE  LIMITING  VELOCITY  IN  FALLING  FROM  A  GREAT  HEIGHT. 

By  Edwin  Bidwell  Wilson. 


1.  Tlie  fundamental  characteristic  of  the  vertical  motion  under  gravity  in  a  resisting 
medium  is  the  approach  to  a  final  or  limiting  velocity  U,  whether  the  initial  downward  velocity 
is  less  or  greater  than  U.  The  equations  of  motion  are  easily  set  up  and  integrated  when  the 
density  of  the  medium  is  constant  and  the  resistance  varies  as  the  square  of  the  velocity. 

A  fact  not  so  much  stressed  is  the  slowness  of  the  approach  to  the  limiting  velocity  U. 
For  oxample  the  simple  relation  v2  =  2gh,  which  neglects  altogether  the  resistance  of  the  atmos- 
phere, shows  t'  at  the  height  h  of  release  from  rest  must  be  about  10,000  feet  before  the  object 
will  attain  a  velocity  of  as  much  as  800  ft./sec.  even  without  the  opposition  of  the  air  resistance; 
and  when  allowance  is  made  for  that  resistance  the  height  must  lie  greater.  If,  therefore, 
terminal  velocities  of  900  or  more  feet  per  second,  such  as  are  customary  witli  airplane  bombs, 
are  under  consideration,  it  is  only  in  the  case  of  fall  from  a  great  height  (upward  of  10,000 
feet)  that  the  terminal  velocity  can  be  anywhere  nearly  approached. 

Here,  however,  another  difficulty  enters.  The  resistance  of  the  air  varies  with  the  density 
of  the  medium  and  this  variation  should  not  be  assumed  a  priori  to  be  negligible  in  the  case  of 
fall  from  heights  of  upward  of  2  miles.  In  the  standard  table  of  densities  at  different  levels, 
the  ratio  p/p0  of  the  density  at  altitude  h  to  that  at  the  earth  has  become  about  0.74  at  10,000 
foet,  0.62  at  15,000,  and  0.44  at  25,000.  The  question  thus  arises  as  to  whether  the  changing 
resistance  of  the  air  may  be  taken  into  account  in  some  satisfactorily  simple  way  for  the  dis- 
cussion of  vertical  fall. 

It  is  the  purpose  of  this  report  to  give  that  simplo  treatment  of  tho  problem  which  I  have 
in  the  past  offered  to  my  classes  at  the  Massachusetts  Institute  of  Technology;  there  are 
undoubtedly  other  solutions,  perhaps  equally  simple  or  simpler,  but  I  have  seen  none. 

2.  Tho  equation  of  motion  Is 

if  IF  be  the  mass,  v  the  velocity  upward,  and  cpv2  bo  the  resisting  force  in  pounds.  With  the 
substitution  u  =  v2  the  equation  reduces  to  ^  —  ^|pr  «*  —  —2g  and  is  linear,  but  with  a  variable 

coefficient  p.    The  general  solution  may  be  indicated  in  the  form 

_  2cg{ 

ue  w. 


Sh  =  -2gfe-24f^  dh+c 


In  order  to  perform  the  integration  it  is  necessary  (unless  graphical  methods  are  used)  to 
have  an  expression  for  p  as  a  function  of  h  that  is  sufficiently  accurate  and  at  the  same  time  of 
such  form  as  to  make  integrable  the  two  expressions 


CpiH   and  JV  *w$pih  dh  +  C 


Some  work  will  bo  saved  if  the  first  expression  can  itself  be  represented  by  an  empirical  equa- 
tion directly  without  having  first  to  determine  p  and  then  integrate  that  result. 
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3.  Physically  |  pdh  is  the  amount  of  air  between  the  earth  and  the  height  h  in  a  column 
of  unit  cross  section.  This  amount  can  fortunately  be  read  off  immediately  from  a  table  of 
barometric  pressures  p  at  different  levels — in  fact  ^hpdh  is  simply  ;>„  —  plf  the  drop  in  pressure  in 
pounds  per  square  foot. 

If  F  (h)  is  the  amount  of  air  in  inches  of  mercury,  the  following  table  gives  the  value  of/'' 
from  h  =  0  to  7t  =  24,000  feet. 

h=0       4,000       8,000       12,000       16,000       20,000  24,000 
F=0       4.07         7.68         10.85         13.62         16.02  18.09 
Now,  as  the  exponential  of  F  (multiplied  by  a  constant)  must  bo  integrated,  it  is  advisable 
to  have  a  logarithmic  expression  to  give  the  empirical  relation  between  h  and  F.  Try: 

F(h)*=b  log,  (1+o/i). 

This  holds  for  h  =  o  and  has  two  disposable  constants  a  and  b.  A  least-squares  solution  could 
be  made  to  determine  the  best  values  for  a  and  b;  but  a  sufficiently  good  result  may  be  had 
by  passing  the  curve  through  or  near  two  sets  of  values  in  the  table: 

F,  =  6  log  (1  +a  /),),    F3  =  b  log  (l+o  h,): 
Ft:F2=\og  (1  +a  &,):  log  (1  +a  h2),\  +a  £  =  (1  +  a  »,)'«  j* 

Let  A2  =  8,000.  Then  F,  =  7.68.  Let  F{  =2fs  =  15.36.  Then  h,  is  just  under  20,000  and 
may  be  taken  as  ht  —  19,000  by  interpolation.  Hence 

1  + 19,000  a  =  (1  +8000  o)2=  1  +  16,000  a  +64,000,000  a2 

and 

a  =  3/64.000.    Whence  b  =  24. 1 . 

Thus 

F(A)=24.1  log,  (1+3^/64,000)  =55.5  log10  (1 +3A/64.000). 
The  values  determined  by  this  function  F  are 

h  =  0       4,000       8,000       12,000       16,000       20,000  24,000 
F=0       4.05         7.68         10.8  13.5  15.9  18.1 

These  chock  with  the  given  values  to  less  than  1  per  cent,  and  therefore  seem  quite  good 
enough. 

4.  The  empirical  formula  just  obtained  must  be  transformed  over  to  suitable  units  for 
insertion  in  the  integral  of  the  differential  equation.  Let  Z7  be  the  terminal  or  limiting  velocity 
of  the  projectile  in  air  of  the  density  pu  at  the  earth's  surface.  Then 

cgPoU2=  Wgorc=  W/U'po 


W 

If  the  units  be  the  pound  and  foot 


£ 


pdh=™fx  62.5  xF(h)  =  1706  loge  (1+3^/64,000). 


Taking  0  =  32.17  and  p0  =  . 07608,  the  result  is 

-2(7  fA         -1,430,000  ,     /        3//  \ 

With  an  error  of  less  than  1  per  cent  this  may  be  written  as 
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An  error  of  1  per  cent  seems  quite  within  the  range  of  accuracy  possible  in  such  work  as  this, 
where  the  variation  of  atmospheric  conditions  from  the  so-called  standard  table  may  at  any 
particular  time  be  considerable. 

The  integral  is  therefore 

/i2ooy  /1200V 

j/i  .   3h  Y^'      .  f/i     3h  Y»~vr'  v. 

lY+64,000)  =  --XK1  +  647oW^  +C' 

where  the  only  parameter  remaining  is  the  terminal  velocity  U  in  air  of  standard  density. 
If  in  particular  a  particle  starts  from  rest  at  the  altitude  H, 

/1200V  /1200\» 

The  integral  may  be  evaluated  readily,  as  the  integrand  is  a  simple  negative  power,  but  leads 
to  a  complicated  literal  formula. 

A  simple  case  would  be  where  U=  1,200.  Then 


j    •>  ( ^  ,     sh   \  64,000  i 


This  is  the  only  case  in  which  a  logarithm  enters;  the  others  are  algebraic,  e.  g.,  if  t7=600, 

«  Jn   3h  V64.ooor/     3h  V3  /     3H  \-n 

v*--p^i-r  04,000^    3x3  [_\      04,000/      V+CA,000j  J 

5,  The  formulas  thus  obtained  should  not  be  applied  to  calculate  velocities  which  are  large 
compared  with  that  of  sound.  It  is  generally  admitted  that  the  simple  square  law  of  resistance 
does  not  hold  for  velocities  much  in  excess  of  800  ft./sec.  Just  howr  well  the  law  holds  below 
that  figure  may  still  be  considered  doubtful;  but  two  recent  authorities  (E.  Vallier,  Balistique 
Extorieure,  Encyclopedie  des  Sciences  Mathematiques,  tome  IV,  Vol.  6,  fasc.  1,  p.  15,  Gauthier- 
Villars,  Paris,  1913;  and  J.  Prescott,  London,  Phil.  Mag.,  ser.  6,  vol.  xx,  p.  332,  Oct.  1917) 
seem  to  feel  tolerably  certain  of  the  law  for  compact  shell-like  bodies  up  to  SOO  ft./sec.  It  was 
seen  at  the  start  that  irrespective  of  air  resistance,  such  a  velocity  would  not  be  obtained  from 
rest  in  a  fall  of  10,000  feet,  If  U=  1,200,  the  velocity  of  800  ft./sec.  will  be  reached  at  the  earth's 
surface  only  when  the  fall  is  through  some  15,000  feet.  (Whether  high  velocities  might  not  be 
attained  at  intermediate  levels  is  a  question  that  should  not  be  overlooked.) 

6.  It  is  often  stated,  as  is  indeed  obvious,  that  a  body  falling  in  a  medium  of  increasing 
density  such  as  the  air  may  reach  a  maximum  velocity  and  be  subsequently  rotardod  before 
striking  the  oarth.  The  terminal  velocity  toward  which  the  body  strives  is  of  course  greater  at 
higher  levels.  The  question  of  reaching  a  maximum  velocity  is  therefore  a  question  of  balance 
between  the  height  of  fall  and  the  natural  resistance  of  the  body  relative  to  its  weight.  A 
body  of  high  terminal  velocity  (in  standard  air)  must  fall  from  a  very  great  height  in  order  to 
attain  a  maximum  greater  than  the  speed  with  which  it  reaches  the  earth,  whereas  a  body  of  low 
terminal  velocity  need  not  fall  so  far.  ' 

The  maximum  velocity  of  a  body  falling  from  rest  is  obtained  by  differentiating 

/1200\     /*//  /1200y 

v  64, 000/  I    V      64, 000^ 

The  derivative  of  an  integral  with  respect  to  the  lower  limit  is  the  negative  of  the  integrand 


1  + 


3H 
64,000 


1  + 


3h 


64,000 


772 


ANNUAL  KKPOKT  N  ATIONAL  ADVISORY  COM  M1TTKK  FOR  AERONAUTICS. 


Henco  for  the  maximum  of  v,  or  of  v2 


+  \    U    A  64,000/ 


/1200\» 


-  1 


/1200V+1  ,'i20o\«+r 

3//  yU)     r+  _»  yw 

V  64,000^   


04,  000/ 


+  1 


For  a  given  //  this  equation  will  determine  the  level  ft  where  the  maximum  velocity  is  attained. 
If  in  particular  this  maximum  should  he  at  h=0,  the  altitude  //  of  fall  must  he 


//  = 


04,000 


/120UY»  i 

^  l.J0()\l 


J 


For  example,  if  £7=600,  77=12,500.  The  maximum  velocity  will  he  reached  before  striking 
the  earth  only  if  77>  12,500.  If  U=  1,200,  the  bracket  has  the  value  e-\  =1.73,  and  the  max- 
imum value  will  not  be  attained  unless  the  drop  is  from  over  35,000  feet— levels  to  which  the 
empirical  formulas  used  do  not  remain  valid. 

In  any  case  of  resisted  fall  in  which  a  maximum  of  velocity  is  attained  the  value  of  that 
maximum  velocity  must  be  the  value  of  the  terminal  velocity  at  that  level,  because  the  body 
has  been  gaining  velocity  in  the  rarer  air  above  and  will  be  losing  velocity  in  the  denser  air 
below. 

If,  therefore,  the  velocity  at  h  =  0  is  below  the  terminal  velocity  77,  it  may  safely  be 
assumed  that  the  value  for  h=0  has  not  been  oxceeded:  but  if  the  value  for  1=0  is  larger 
than  U,  there  has  been  a  still  larger  velocity  at  some  point  of  the  path.  The  caution  paren- 
thetically suggested  at  the  end  of  the  last  article  can  therefore  be  observed  easily. 

Massachusetts  Institute  of  Technology,  September  6,  1919. 
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BOMB  TRAJECTORIES 

By  Edwin  Bidweix  Wilson. 


I.  INTRODUCTORY. 

The  trajectory  of  a  bomb  of  high  terminal  velocity  dropped  from  a  great  altitude  such  as 
30,000  feet  requiros  a  complicated  analysis  much  like  that  for  the  trajectory  of  a  shell  fired  at  a 
high  angle.  For,  in  the  first  place,  the  changing  density  of  the  air  can  not  be  wholly  ignored, 
and  in  tho  second  place,  the  air  resistance  as  a  function  of  the  velocity  is  exceedingly  complicated, 
and,  in  particular,  as  the  bomb  may  pass  through  tho  velocity  of  sound  in  air,  all  sorts  of  com- 
plications leading  even  to  instability  and  tumbling,  which  render  any  calculation  of  the  trajectory 
illusory,  may  bo  presont. 

I  have  pointod  out  in  a  previous  note  on  the  Limiting  Velocity  of  Free  Fall  that  bombs  of 
high  torminal  velocity  must  fall  over  10,000  foet  and  acquire  a  velocity  of  800  ft./sec,  that 
bombs  of  lower  terminal  velocity  must  fall  through  oven  greater  distances,  and  that  there  is 
tolerable  agreement  among  ballisticians  that  up  to  velocities  of  about  S00  ft./sec,  the  simple 
square  law  of  resistance  (R  <x  v2)  holds  for  solid  shell-liko  bodies.  The  problem  which  I  wish 
to  treat  here  is  that  of  the  trajectory  of  a  bomb  launched  horizontally  when  the  fall  is  not  so 
groat  that  the  velocity  exceeds  800  ft./sec.,  at  any  point  of  tho  path.  Only  the  first  approxi- 
mation founded  on  the  assumption  of  constant  air  density  will  bo  developed. 

II.  GENERAL  CONSIDERATIONS. 

This  problem  has  been  treated  in  several  ways  in  an  elementary  manner,  o.  g.,  by  E.  L. 
tlayhart  in  "Aviation,"  Volume  III,  No.  12,  January  15,  1918,  pages  819-822,  after  tho  German 
by  Ernest  Homkel.    My  discussion,  likewise  elementary,  is  that  which  I  have  given  students 
of  aeronautical  engineering  at  the  Massachusetts  Institute  of  Technology,  and  which  may  be 
of  interest  to  others. 

If  Fbe  the  velocity  in  path,  u,  v  the  component  velocities  horizontal  and  vertical  downward, 
respectively,  ?7the  terminal  velocity,  tho  resistance  is  It^kV2  =  WV2/  U2  pounds,  where  iris  the 
mass.    Tho  equations  of  motion  are 


du       ,uF  dv 

or 


dt  ~    g  V3'  dt 


V2_  u  dV  /  v  V 
r  =g  V  dt 


~9(v~V*)'  (2) 


according  as  tho  motion  is  referred  to  rectangular  axes  or  to  tho  tangent  and  normal  to  the  path 
(radius  of  curvature  =  r). 

The  second  of  (2)  may  be  written 

JTdV     /      V9-  V\ 
V1k,=VV-TJ>  v} 

and  compared  with  the  oquation  for  vortical  fall  in  which  V=>v.  For  tho  trajoctory  V/v  is 
always  greater  than  unity  and  hence  the  increase  of  V  with  tho  vortical  drop  y  is  always  less 
than  the  increase  of  v  with  vertical  drop  y  when  the  fall  is  itself  vertical.    In  other  words,  in 
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the  trajectory  the  bomb  gains  tangential  velocity  with  vertical  drop  more  slowly  than  vertical 
velocity  is  gained  in  free  fall. 

Now  bombs  are  released  with  a  horizontal  velocity  V0  —  vQ  which  is  small  relative  to  their 
terminal  velocity  U.  Even  a  fast-moving  airplane  will  hardly  exceed  200  ft./sec.,  and  a  bomb 
with  low  terminal  velocity  will  have  U  probably  not  less  than  800  ft./sec.  so  that  uj  Pis  almost 
snro  not  to  exceed  1/4.    In  the  case  of  free  fall 

f>  log,(l-^)-logc(l-£) 

and  the  distance  //  of  fall  required  to  reach  a  velocity  of  v  from  rest  exceeds  that  required  to 
reach  the  same  velocity  from  an  initial  vertical  velocity  of  v0=  Z7/4  by  only  the  amount 


If  U  be  800  ft./sec.,  the  additional  distance  is  only  625  foet. 

It  may  therefore  be  stated  that  a  bomb  launched  horizontally  with  a  velocity  as  high  as 
200  ft./sec.  and  with  a  terminal  velocity  as  low  as  800  ft./sec.  will  require,  to  attain  a  linear 
(tangential)  velocity  of  V,  a  vertical  drop  of  less  than  625  feet  less  than  that  required  by  a  body 
falling  from  rest.  (If  va/ C  is,  as  it  generally  is.  decidedly  smaller  than  1/4,  the  distance  625 
feet  is  very  much  reduced.) 

The  reasoning  shows  that  for  all  practical  purposes  one  may  consider  that  a  velocity  on  a 
trajectory  will  remain  under  800  ft./sec.  even  though  the  initial  velocity  he  high,  provided  the 
vertical  drop  is  not  so  large  as  to  generate  a  vertical  velocity  in  excess  of  800  ft./sec  in  the  case 
of  free  fall.  This  brings  the  safety  limit  for  the  application  of  the  square  law  for  resistance 
hack  practically  to  the  case  of  the  previous  note. 

The  relation  between  the  arc  s  described  on  the  trajectory  and  the  velocity  acquired  may 
be  discussed  from  the  second  of  (2). 

For 

may  be  compared  with 

dv      /.  v»\ 

to  see  that  tangential  velocity  Fis  gained  along  the  trajectory  relative  to  the  distance  traveled. 
s,  much  more  slowly  than  vertical  velocity  is  gained  relative  to  y  in  the  case  of  straight  fall, 
the  term  v/  V  being  always  less  than  1 .  In  fact,  at  the  start,  tangential  velocity  is  lost,  since 
v/V-0. 

III.  PRELIMINARY  INTEGRATION. 

With  reference  to  the  arc  s  of  the  trajectory  the  first  equation  of  (I)  may  be  integrated. 
Thus— 

du    du  ds     Trdu       du        qu  „.,„, 
at    ds  d.t       ds       ds  Uv 

The  horizontal  velocity  falls  ofT  exponentially  with  the  arc  traveled.  For  example,  if  (7=800, 
gjUl  =  1/20,000;  the  horizontal  velocity  will  bo  reduced  1/2  only  after  a  travel  of  14,000  feet. 
Now  if  the  time  to  be  eliminated  between  the  two  equations  (1 )  to  obtain  the  differential  equation 
of  the  trajectory,  or,  better,  if  the  first  equation  of  (2)  be  used  for  this  purpose,  it  is  seen  that 


For 


«0 

d?y               d?y  d?y 

1^  dx1        _     dx2  _dx2  jw 

L,+(ax)j  1? 
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(i?V  (} 

(This  shows  that  tho  equation  y-2=  '2  holds  for  any  law  of  resistance.)    Hence  the  second 


derivitive  of  y  by  x  increases  inversely  as  the  square  of  the  horizontal  velocity  or  increases 
exponentially  with  the  arc  of  the  trajectory.  For  the  parabola  followed  by  the  bomb  in  vacuo 
[7=oo  and 

dx2  v02 

Inasmuch  as 

dy 
dx 


and  since  e2j4'D>>  I,  it  follows  at  once  from  (4)  and  (4')  that,  for  a  given  horizontal  travel  x, 
a  boml)  will  fall  farther  in  the  air  than  in  vacuo — or,  for  a  given  drop  h,  a  bomb  will  fall  short 
in  the  air  as  compared  with  its  position  in  vacuo.  (This  would  seem  to  be  self-evident,  but 
Hemkel,  as  translated  by  Gayhart  in  "Aviation,"  cit.  sup.,  states  that  "the  paradox  may 
arise  that  because  of  resistance  the  bomb  will  travel  farther  in  the  air  than  if  in  a  vacuum" — 
a  remark  that  I  do  not  understand.) 

IV.  THE  PARABOLA. 

If  axes  be  taken  at  the  starting  point,  the  trajectory  in  vacuo  is  the  parabola 

y  =  gx2/2u02  =  1/2  mx2  if  m  =  g/ug2. 

This  is  the  first  approximation  for  the  trajectory. 

The  arc  of  the  parabola  y  =  l/2  mx2  may  be  obtained  as  a  series,  namely, 

s  = J'  ■Jl+m2x2dx  =  J  (1  +1/2  m¥+  )  dx = x  + 1/6  m2r,+  

The  approximation  is  good  as  long  as  mx  is  small  relative  to  1 ;  it  becomes  bad  as  mx  nears  1, 
and  for  mx>  1  the  series  diverges.  Now  m  =  g/u02.  If  u0  is  as  high  as  180  ft. /sec.,  m  is  as  small 
as  1/1000,  and  the  horizontal  travel  may  be  several  hundred  feet  before  s  differs  much  from  x. 
If,  however,  the  airplane  be  moving  at  only  1 15  ft./sec,  v02  =  13,200,  m  =  g/u„2  =  1/400,  and  the 
horizontal  travel  can  hardly  exceed  300  feet  before  s  becomes  considerably  different  from  x. 
As  mx  is  the  quantity  determining  the  degree  of  approximation,  the  equation  ?/  =  l/2  mx2  may 
best  be  written  as  y  =  (mx)x/2,  from  which  it  is  seen  that  the  drop  in  vacuo  can  only  be  a  few 
hundred  feet  at  best  if  mx  is  to  remain  small.  For  these  small  drops  the  trajectory  in  air  does 
not  depart  appreciably  from  that  in  vacuo. 

V.  THE  SECOND  APPROXIMATION. 

The  departure  from  the  parabola  for  moderate  drops  may  be  calculated  by  integrating  (4) 
with  s  =  x. 

The  expansion  may  be  reverted  so  that  x  appears  as  a  series  in  //  1/2. 

If  uj  U—  1/4,  as  might  be  the  case  for  a  high-speed  machine  and  a  boml)  of  low  terminal 
velocity,  the  correction  shows  that  the  bomb  in  air  will  fall  short  of  the  parabolic  position 
by  — Ax  =  ;//24.  As  the  approximation  is  only  good  for  values  of  y  running  to  a  few  hundred 
feet,  the  error  in  using  the  parabola  is  only  some  20  feet  at  most.  In  case  of  a  slow  machine 
(«0=100)  and  a  high  terminal  velocity  ( U=  1,500)  the  correction  would  be  under  2  feet. 

VI.  A  THIRD  APPROXIMATION. 

The  formula  ((i)  for  the  horizontal  carry  is  not  surely  valid  for  values  of  y  as  large  as  1,000 
feet.    It  becomes  necessary  to  seek  a  better  integral  of  (4).    The  most  direct  method  would 


778 


ANNUAL,  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


be  to  expand  y  into  a  Maclaurin's  scries  by  repeated  differentiation  of  (4).  The  initial  conditions 
are 

x  =  0,  y  —  0,  dy/dx  =  0,  s  =  0  and  dhjldx2  =  g/u02, 

dx*   u*  U*e      V      \dxj     \da?J,   u>  U3 

From  this  point  on  the  differentiations  become  involved.  Every  time  the  exponential  is  differ- 
entiated the  very  small  factor  2g/U2  is  introduced,  but  with  the  differentiation  of  the  radical 
the  factor  g/u2,  which  is  not  so  small,  is  had.    The  results  are 

/d*y\  _g(  2g\2  /  <Py\  _  g    2gT/2g\2   (  g  V"| 

The  second  term  in  the  fifth  derivative  is  large  compared  with  the  first  if  u*/  U*  is  a  small 
number — and  it  is  almost  always  very  small.    The  series  for  y  then  becomes 

y   2«02V     3f72  +  3i74+30f72«04+       /'  "  u> 

The  occurrence  of  the  term  (gx/u02)2,  with  the  repetition  of  similar  terms  in  higher  powers, 
makes  it  clear  that  not  gx/  U2  but  gx/uf  is  the  number  which  must  be  kept  small  if  the  series 
is  to  converge  rapidly  and  be  valuable.  Xow,  with  reference  to  the  parabolic  (first)  approxi- 
mation, gx/u02  =  2y/x ;  and  hence  it  is  inferred  that  the  series  expansion  (7)  is  not  valid  except 
when  2y/x  is  not  large,  i.  e.,  when  y  is  not  more  than  a  few  hundred  feet.  Tn  fact,  a  comparison 
shows  that  the  fourth  term  in  (7)  is  equal  to  the  second  term,  which  is  identical  with  the  cor- 
rection in  (5),  when  gx/u02  =  4.5.  In  the  case  of  a  machine  for  which  «„=  100,  x=  1,400.  If  (7) 
held  good  for  such  large  values  of  x,  it  would  be  valid  up  to  drops  of  some  3,000  feet.  This 
would  be  very  satisfactory,  but  there  is  no  assurance  that  the  subsequent  terms  in  (7)  will  be 
small  relative  to  those  already  obtained  when  gx/u02  is  as  great  as  4.5. 

However,  if  the  third  term  of  (7)  be  discarded  as  small  relative  to  the  second,  the  approxi- 
mation is 

vJ&J\  x  2gx  + 

x        2u°2y  gy2 

x~u<>y  g     3U2  15U2 
The  correction  for  the  carry  x  relative  to  the  parabolic  path  is 

ax   3U2+30U2    3U2\l  +  10u2J  (J) 

and  this  is  probably  good  up  to  values  of  y  considerably  larger  than  those  for  which  (6)  was 
proved  to  hold.  For  instance,  if  wo  =  200,  Z7=800,  y  =  2,000,  then  —Ax  =  96  feet,  as  figured 
from  (9),  is  likely  to  be  a  fair  correction;  but  if  u0  =  100  it  is  doubtful  whether  (9)  would  be  good 
up  to  values  of  y  as  great  as  2,000. 

Vn.  A  FOURTH  APPROXIMATION. 

One  way  in  which  to  get  an  estimate  of  the  true  trajectory  is  to  shut  it  in  between  two 
curves,  one  above,  the  other  below  it.  Clearly  x<s<x+y.  When  x  is  small  the  relative 
approach  of  s  to  x  is  close;  when  s  is  larger  the  relative  approach  to  x  +  y  is  fairly  good.  More- 
over, y  <s. 
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The  following  three  differential  equations  are  therefore  suggestive  as  throwing  light  on  the 
trajectory 

%=h e  2gi,u'' lying  t0° high'  m 

^-^e*"01,  lying  too  high,  (11) 

dx*~v  2  e  ig(-x+v)tm>  W"l  t0°  low>  <12) 
This  first  is  immediately  integrable  to  give 

<13) 

Tliis  curve  leads  to  the  approximation  (5)  as  a  special  case.  It  has,  however,  but  small  relation 
to  the  general  features  of  a  long  trajectory.  The  broad  fundamental  feature  of  a  long  trajectory 
is  that  the  projectile  drops  vertically  at  the  end,  i.  e.,  the  trajectory  has  an  asymptote.  Obvi- 
ously, (13)  shows  no  asymptote;  every  value  of  x  yields  a  finite  value  of  y. 

VIII.  A  FIFTH  APPROXIMATION. 

The  second  equation  may  bo  integrated  by  the  usual  device  of  introducing  the  variable 
p  =  dy/dx,  d2yldx2=])dfldy. 
The  result  is 

cos-1e-"'u,=       or  V=  —  l°g  sec  -^w  (14) 
u0U     '     g     6      u0U  ' 

This  curve,  which,  like  (13),  lies  above  tho  true  trajectory,  is  a  far  better  approximation 
when  y  is  large  and  the  curve  is  nearly  vertical.  The  curve  shows  an  asymptote  at  x  =  irv0U/2g. 
The  true  trajectory  can  not  have  an  asymptote  any  farther  from  the  origin.  If  wo=100  and 
27=800,  the  total  limiting  forward  travel  of  the  bomb  can  not  therefore  be  more  than  4,000 
feet.  The  asymptotic  distance  varies  directly  with  both  u0  and  U.  It  is  in  the  case  of  a  light 
object,  such  as  a  tennis  ball,  that  the  existence  of  the  asymptote  is  most  easily  observed. 

The  correction  for  forward  carry  from  the  parabola  to  (14)  is  an  underestimate  because 
the  true  trajectory  lies  below  (14)  and  consequently  nearer  the  y  axis.    This  correction  is 

-Ax  =  u0^-^  cos  -iff-W/P1  (15) 

If  wo=200,  Z7=800,  y  =  2,000,  as  in  the  previous  illustrative  case,  the  correction  (an  under- 
estimate) is  38  feet  as  compared  with  96,  the  accuracy  of  winch  is  unknown.  The  very  different 
forms  of  (9)  and  (15)  as  functions  of  u0  are  noteworthy. 

If  y=  2,000,  the  value  of  x  from  (14)  is  2,199.  For  this  value  of  x  the  value  of  y  in  (13), 
which  also  undercorrects  the  parabola,  is  easiest  found  from  the  series 

which  avoids  the  subtraction  of  nearly  equal  large  numbers.  The  value  of  y  is  2,082;  hence 
(13),  which  lies  too  high,  lies  lower  than  (14)  by  82  feet  in  this  case  and  gives  a  better  trajectory. 
This  might  have  been  expected  from  the  fact  that  when  y  is  not  too  large  relative  to  x,  s  is  much 
nearer  to  x  than  to  y  and  (10)  must  lie  nearer  the  true  trajectory  than  (11). 

Now  the  correction  for  carry  may  be  found  for  (13)  in  this  manner.  This  curve  lies  82 
feet  lower  than  (14)  when  x  =  2,199  and  its  slope  is  nearly  2.  Tho  correction  from  (14)  to  (13) 
is  therefore  41  feet,  which,  added  to  38,  gives  79  as  the  correction  from  the  parabola  as  compared 
with  96  from  (9). 
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K.  A  SIXTH  APPROXIMATION. 

Finally  the  equation  of  the  curve  (12),  which  is  an  overestimation,  may  be  integrated. 
Let 

z~x   y<ix~dx     '  dx2~dx2' 

dx2    uf       '  \dx)    uf  +0- 
When  x  =  0,  2/  =  0>  «  =  0>  dy/dx  =  o,  thon  dz/dx=l  and  (7=1—  U2/u02. 

cos-^-yi-^-cos-^l-^^^l-^  (15) 

y  +  x  =  |*[log  sec  (^/ 1-^4- sin-'^)  +  log  ^1  -  ^  (16) 

This  curve,  too,  shows  an  asymptote  which,  when  u0/U  is  small  enough  so  that  its  square 
may  be  neglected,  is  in  the  position 

*      9  12  UJ 

and  tlms  lies  nearer  they  axis  by  the  absolute  amount  u02/g.  If  «o  =  100  and  (7=800,  as  before, 
tho  new  position  of  the  asymptote  falls  310  feet  short  of  the  old  position.  Hence  a  bomb  of 
torminal  velocity  800  ft./soc.  launched  horizontally  from  an  indefinite  height  (in  an  atmosphere 
of  constant  density)  would  have  a  forward  travel  approaching  some  limit  between  3,700  and 
4,000  feet,  approximately. 

To  return  to  the  case  of  w„  =  200,  (7=800,  y  =  2,000,  the  best  value  thus  far  obtained  for  x 
is  2,158  on  (13) — an  overestimate  of  x  as  compared  with  tho  true  trajectory.  Substitute  this 
value  in  (16).  Then  y  =  2,058  and  exceeds  2,000  by  58  feet.  As  the  slope  is  about  2,  this 
means  an  additional  correction  of  about  30  feet  to  x  =  2,128.  The  result  is  that  x  lies  between 
2,128  and  2,158  feet  under  these  conditions.  The  approximation  (9)  gave  the  valuo  x  =  2,141 — 
almost  the  moan,  but  this  may  be  accidental. 

X.  SUMMARY. 

It  has  been  shown  that  when  a  bomb  is  launched  from  an  airplane  the  velocity  of  800 
ft. /sec.  will  not  be  attained  before  the  bomb  has  fallen  a  distance  practically  equal  to  that 
required  for  attaining  the  same  velocity  in  vertical  fall  from  rest.  Formulas  (6)  and  (9)  have 
been  derived  for  tho  forward  carry  (or  its  correction  related  to  the  parabola)  in  case  the  vertical 
fall  is  only  a  few  hundred  feet,  but  neither  formula  can  be  expected  to  apply  when  y  is  larger 
than  x.  Three  approximate  trajectories  (13),  (14),  (16)  have  been  derived.  The  true  tra- 
jectory lies  below  (13)  and  (14)  and  above  (16).  Curves  (14)  and  (16)  resemble  the  true  tra- 
jectory in  showing  a  vertical  asymptote,  but  until  y  considerably  exceeds  x  the  non-asymptotic 
form  (13)  is  a  better  approximation  than  (14).  For  an  initial  velocity  as  high  as  200  ft./sec. 
and  a  terminal  velocity  as  low  as  800  ft./sec.  the  correction  from  the  parabola  is  not  great 
(about  100  ft.)  in  a  drop  of  2,000  feet,  and  the  correction  is  known  to  within  about  15  feet. 

Massachusetts  Institute  of  Technology, 

Cambridge,  Mass.,  September  22,  1919. 
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STABILITY  OF  THE  PARACHUTE  AND  HELICOPTER. 


By  H.  Bateman. 


INTRODUCTION. 


This  paper  was  submitted  to  the  National  Advisory  Committee  for  Aeronautics  by 
Professor  H.  Bateman,  of  the  California  Institute  of  Technology,  and  its  publication  duly 
authorized  by  the  committee  as  Technical  Report  No.  80. 

The  mathematical  theory  of  the  stability  of  a  parachute  which  is  symmetrical  with  respect 
to  a  plane  is  very  similar  to  the  well-known  theory  of  the  stability  of  an  airplane,  but  the  values 
of  the  resistance  coefficients  are  naturally  different.  When  the  parachute  does  not  rotate,  it 
may  be  comparod  with  an  airplane  in  a  straight  dive.  There  are  oscillations  corresponding  to 
the  longitudinal  and  lateral  oscillations,  and  these  are  practically  independent  of  one  another. 
Thus,  when  the  parachute  swings  like  a  pendulum  as  it  descends,  we  have  an  oscillation  corre- 
sponding to  the  pitching  of  an  airplane,  while  there  is  another  type  of  oscillation  which  corre- 
sponds to  the  Dutch  roll. 

When  the  parachute  is  symmetrical  about  an  axis,  so  that  it  has  the  form  of  a  solid  of  rev- 
olution, there  may  be  no  banking  in  the  oscillation  corresponding  to  the  Dutch  roll,  and  the 
oscillation  then  becomes  a  simple  swing  like  the  one  which  corresponds  to  the  pitching  of  an 
airplane.  In  this  case  a  combination  of  two  simple  swings  in  perpendicular  planes  may  give  rise 
to  a  compound  oscillation,  which  may  be  likened  to  the  motion  of  a  conical  pendulum  falling 
under  gravity.  In  the  general  case  the  combination  of  the  simple  swing  and  Dutch  roll  gives 
rise  to  a  compound  motion  of  a  complicated  character. 


To  discuss  the  matter  analytically  we  shall  write  down  the  equations  of  motion  in  the 
notation  used  by  G.  H.  Bryan  1  and  S.  Brodetsky.2  We  shall  take  the  axis  of  y  as  axis  of  sym- 
metry and  assume  that  in  the  steady  state  the  parachute  is  falling  with  velocity  V  in  a  vertical 
direction,  which  coincides  with  the  axis  of  y,  and  is  rotating  with  angular  velocity  Q  around  the 
axis  of  y.  This  last  assumption  is  made  for  the  sake  of  generality,  so  as  to  cover  the  case  of  a 
rotating  solid  of  revolution  and  to  obtain  a  condition  corresponding  to  some  extent  with  the  case 
of  the  helicopter  where  the  longitudinal  and  latoral  oscillations  are  not  independent.  The 
equations  of  motion  may  be  written  in  the  form 
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=  —  W  cos  0  sin  4>  —  Z, 


>  Stability  in  Aviation. 
The  Tflhoku  Mathematical  Journal,  vol.  14,  August,  1918,  p.  116. 
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Here  W  is  the  weight  of  the  parachute  and  passenger,  X,  Y,  Z,  L,  M,  A  the  component 
air  forces  and  couples  referred  to  axes  fixed  in  the  parachute,  B  is  the  moment  of  inertia  about 
tho  axis  of  symmetry,  A  the  moment  of  inertia  about  a  perpendicular  axis  through  the  center 
of  gravity,  both  measured  in  gravitational  units,  U+u,  v,  w,  p,  Q  +  q,  r  are  component  velocities 
and  spins  in  the  disturbed  motion.  To  obtain  the  directions  of  the  axes  in  space  in  a  disturbed 
position  of  the  parachute  we  suppose  the  parachute  rotated  first  about  tho  axis  of  y  (from  z  to  x) 
through  an  angle  then  about  the  axis  of  z  (from  x  to  y)  through  an  angle  0,  and  finally  about 
the  axis  of  x  (from  y  to  z)  through  an  angle  <£. 

Let  us  write  u  +  iw  =  a,  p+ir  =  b,  <j>  +  id  =  x  where  i  denotes  V— 1,  tnen  since  u,  w,  p,  r,  6, 
and  <f>  are  small  in  a  small  oscillation  and  the  parachute  is  symmetrical  about  the  axis  of  y,  we 
may  write  to  a  first  approximation 

_ d<t>    _ dO  i_dx 
p~dl'r~di'  °~dt 

X  +  iZ  =  aE+bF 
L  +  iN=aJ  +  bK 

where  the  generalized  resistance  coefficients  E,  F,  J,  K  are  complex  quantities. 
Tho  above  equations  imply  that  if  E=  E^  +  iE^,  etc., 


Xu  =  Zw  =  Ex , 

za= 

—  Xw  =  E2, 

XP  =  ZT  =  Fu 

-  X,  =  F2, 

L[)  =  NW  =  J1, 

Na  = 

—  Ly,     —  J  2, 

LP=NT  =  KU 

N9  = 

-In  =K„ 

Xv  =  0,  Xq  =  0, 

Zv  = 

0,  z^  =  o, 

U  =  0,  L^  =  0, 

#v  = 

0,  iVq  =  0. 

It  is  on  account  of  these  relations  that  the  analysis  for  the  symmetrical  parachute  is 
simpler  than  that  for  an  airplane  in  a  straight  drive.    If,  in  fact,  we  neglect  squares  of  small 

quantities  and  use  D  to  denote  the  operatore  ^  the  first  four  equations  may  be  written  in  the 
form 


[^  (D-iQ)  +  Ey  +  [(^-iF}D+  ir]ix  =  , 

ja + [f D2 + (  k+ iQ  ^f^yy = °- 


Seeking  a  solution  of  the  form  a  =  a0ext>    x  =  XofiM  obtain    the   period  equation 

^(^Q)  +  E^^\2  +(^K+iQB~A^\j-iJ  ^^?_;f)x+  Wj-O.    This  is  a  cubic  equation 

with  complex  coefficients  for  the  determination  of  X.  When  Q  =  o  it  reduces  to  a  cubic 
equation  with  real  coefficients  for  we  have  the  relations  E2  =  o,  Fl  =  o,  J,=o,  £,  =  o. 

Remembering  that  in  the  general  case  of  a  rigid  airplane  the  oscillations  about  a  state 
of  steady  motion  are  determined  by  an  algebraic  equation  of  the  eighth  degree,  we  infer  that 
in  the  present  degenerate  case  our  real  cubic  is  a  double  factor  of  the  octic  and  the  periods  and 
decrements  are  the  same  for  simple  swings  in  two  perpendicular  planes  through  the  axis  of 
symmetry  of  the  parachute. 

When  Q  =  o  a  root  X  =  a+i/3  for  which  a  is  negative  and  /3  positive  implies  the  existence 
of  a  damped  oscillation  in  which  the  center  of  gravity  of  the  parachute  describes  a  curve  on  a 
vertical  cylinder  in  such  a  way  that  it  moves  in  a  counterclockwise  direction  when  the  axes 
are  left  handed.    To  see  this  we  notice  that  u+iw  is  of  the  form 

Rfptt-u  [cos  /3«-<0)  +i  sin  fiit-Q] 
where  R  and  ta  are  real  quantities.    This  equation  indicates  that  -  increases  with  t  and  since 


STABILITY  OF  THE  PARACHUTE  AND  HELICOPTER. 


785 


the  axis  of  z  is  to  the  left  of  the  axis  of  x,  the  axis  of  y  being  downwards,  this  means  that  the 
center  of  gravity  moves  on  the  cylinder  in  the  counterclockwise  direction. 

The  equation  <t>+id  =  X0e(a+iff'"  implies  that  at  the  same  time  the  axis  of  symmetry  pro- 
cesses around  the  vertical  in  the  counterclockwise  direction.  If  we  disregard  the  vertical  motion 
the  character  of  the  oscillation  may  be  pictured  by  imagining  a  cone  representing  the  para- 
chute to  partly  roll  and  partly  slide  on  the  outside  of  another  cone  whose  axis  is  vertical. 

Let  us  call  this  a  positive  oscillation  and  use  the  term  negative  oscillation  to  denote  one 
in  which  @  is  negative  and  the  two  motions  take  place  in  the  clockwise  direction. 

Either  a  positive  or  negative  oscillation  can  be  regarded  as  built  up  from  two  simple 
swings  in  perpendicular  planes,  the  two  swings  having  the  same  period  and  damping  time, 
but  differing  in  phase  by  a  quarter  period.  By  combining  two  such  swings  with  an  arbitrary 
difference  in  phase  a  type  of  elliptic  oscillation  is  obtained. 

It  should  be  noticed  than  an  undamped  positive  oscillation  may  correspond  to  a  new  type 
of  steady  motion  of  the  parachute.  If  such  a  motion  exist  it  is  characterized  by  v  =  o,  q  =  o 
and  the  fact  that  the  cubic  equation  has  two  purely  imaginary  roots. 

Thus  cubic  equation  may  be  written  in  the  form 

Xs  +  y\2  +  xw\  +  x  =  0 

where 

Let  \2  —  2a\+8  be  a  factor  of  the  cubic,  then  a  and  6  are  determined  by  the  equations 

4a2  —  0  +  2ay  +  xw  =  o 
-2a6-yd  +  x  =  o. 

With  the  aid  of  these  equations  we  can  plot  the  curves  t  =  constant  in  the  (x,  y)  plane. 
Since 

(4a2  +  2ay  +  xw)  (y  +  2a)=x 

a  curve  t  =  constant  (a  =  constant)  is  a  hyperbola.    When  a  =  o  it  reduces  to  x  —  o,y=  —  and 

this  is  a  boundary  of  the  region  of  stability  in  the  (x,y)  plane.    The  condition  for  undamped 

oscillations  is,  moreover,  either  *=»d  or  !/"=-■ 

w 

The  asymptotes  of  the  hyperbola  t  =  constant  are 

1  2a 
y  +  2a  =   and  2ay  +  xw  +  4°?  H  =0 

2a 

hence  when  0  =  —     we  must  have  x  =  00  y  =  00  .    This  means  that  we  can  not  have  a  value  of  0 

2a 

which  is  smaller  than  >  consequently  when  the  time  of  damping  is  given  the  period  p  can 

not  be  greater  than  a  certain  limiting  value  P. 

If  a  be  given  it  is  clear  that  P  increases  with  w  and  so  it  is  desirable  that  w  should  be 

X  N 

made  as  large  as  possible.    This  can  be  done  either  by  making  V  large  or  by  making  XT  ^  r 

negative  and  fairly  large. 

Now  V  is  generally  less  than  %g  and  ought  not  to  be  increased  beyond  this  value,  conse- 
quently the  most  hopeful  method  of  improving  the  stability  of  the  parachute  is  to  make 

X  N  ...... 

XT—    ^  r  negative.    It  is  probable  that  in  the  Calthrop  parachute  this  condition  has  been 

secured. 
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In  Figure  I  the  curves  <  =  constant  have  been  drawn  for  two  different  values  of  w. 
It  will  be  seen  that  when  w  =  .25  the  time  of  damping  t  is  generally  greater  than  the  period. 
This  is  sometimes  the  case  even  when  w  —  .5,  but  by  choosing  x  and  ?/  in  a  suitable  manner  it  is 
possible  to  make  p  greater  than  t.    The  importance  of  a  fairly  large  value  of  w  is  thus  manifest. 

In  his  study  of  the  stability  of  the  para- 
chute, Brodetsky  treats  the  parachute  as  a 
circular  disk  attached  to  a  weighted  stick  and 

finds  from  a  condition  equivalent  to  y  >  —  that 

the  center  of  gravity  must  lie  between  certain 
limits.  The  center  of  gravity  must  naturally 
be  fairly  low,  and  there  seems  no  way  of 
avoiding  this  except  perhaps  by  attaching  a 
ring-shaped  balloon  to  the  rim  of  the  disk. 
The  upward  thrust  on  the  balloon  and  the 
downward  force  through  the  center  of  gravity 
would  then  have  as  their  resultant  a  force 
acting  through  a  point  lower  than  the  center 
of  gravity,  and  this  point  would  act  as  the 
center  of  gravity  of  the  parachute  in  the 
usual  theory.  Unless  it  could  be  combined 
with  a  helicopter  in  some  way,  the  combi- 
nation of  a  parachute  and  toroidal  balloon 
would  be  of  theoretical  interest  only. 

Turning  now  to  the  case  in  which  Q  ±  0, 
we  write 

E=EB  +  Q  (ei+ie2)  F=iF0  +  Q  (ft+ifj 
J=iJ0+Q       ih)      K^E^  +  Q  (fe  +  ik2) 

The  additional  terms  involving  Q  give 
the  forces  and  couples  arising  from  the  Mag- 
nus effect  or  its  inverse  1  and  from  related 
The  cubic  equation  may  now  be  written  in  the  form 

*a)=*(J0  +Q[(G  +  iH)X2  +  (T+iR)X-i  Tflfo  +  ij2)]  +Q2[   ]  =  o, 


phenomena.1 
where 


G  =  9 


/  wv\ 
?+(E0K0  +  J0FB  +  J0'j-y  +  J0W. 


H=^(B-2A)+±Ue2+  Wk2), 

WV 

1=  EJc,  +       +  JBf2  +  FJ2  +  —  jit 


R  =  EJc2  +  K0e2  -  J  0f,  -  FJ,  ■ 


T*V  wv-  ■  tpB-a 
7*0-— ?l  +  tf0— • 


To  study  the  effect  of  rotation  upon  the  oscillations  let  ^,  a, a,  —  i/3,  be  the  roots 
of  the  equation  *(^)=o,  x0  and  a,  being  supposed  negative  and  let  <r0  +  iT0,  <rl+ir1,  o2  +  ir2,  be 
the  quantities  which  must  be  added  to  Xn,  a,  +i&„  a,  —  0t,  respectively,  to  give  the  correspond- 
ing roots  of  the  equation  ty(X)=o.  If  a  and  t  are  both  positive  it  means  that  the  effect  of 
rotation  is  to  diminish  the  period  of  a  positive  oscillation  and  to  increase  the  time  of  damping  t. 

•  For  this  effect  see  A.  Lafay.  Comptes  Rendus.   Paris.  Vol.  151  (1910),  p.  867;  vol.  153  (1911),  p.  1472. 

» For  the  effect  ot  sideslip  on  a  propeller  see  the  Technical  Reports  of  the  British  Advisory  Committee  for-.Aeronautics  1912-13,  1913-14, 
and  1918. 
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The  effect  on  a  negative  oscillation  is  to  increase  both  the  period  and  the  time  of  damping. 
The  effect  on  a  simple  subsidence  is  to  make  it  periodic  and  increase  the  time  of  damping. 
The  effect  of  rotation  when  a  and  r  are  not  both  positive  is  easily  inferred. 

In  order  that  cr0,  <ru  er2  may  all  be  negative  and  the  damping  times  for  the  three  disturb- 
ances associated  with  ^,  al+ifiu  a,—  if},  all  increased,  it  is  necessary,  but  not  sufficient,  that 
QG,  QI,  and  Qj2  should  all  be  positive.  Now  Nu  =  Ja  +  Qj2,  hence  it  is  necessary  in  the  first 
place  that  the  effect  of  the  rotation  should  be  to  increase  Nu.  The  effect  on  the  period  is  of 
some  interest  because  in  general  the  single  period  and  time  of  damping  associated  with  the 
two  conjugate  roots  a,  +i/3,  and  a,  —  i6v  will  give  rise  to  two  different  periods  and  two  different 
times  of  damping;  also  a  new  positive  or  negative  oscillation  with  a  long  period  will  arise  from 
the  simple  subsidence  associated  with  the  root  k0.  The  phenomenon  of  the  division  of  one 
period  into  two  is  somewhat  analogous  to  that  which  occurs  in  the  Zeeman  effect,  especially 
as  we  may  have  a  compound  oscillation  built  up  from  positive  and  negative  circular  oscilla- 
tions of  nearly  equal  period.  The  curves  in  Figure  II  give  the  horizontal  projection  of  the 
path  of  the  center  of  gravity  of  the  parachute  or  helicopter  in  two  particular  cases  of  com- 
pound oscillations  of  the  above  type.  In  the 
first  case  the  two  component  circular  oscilla- 
tions are  undamped,  in  the  second  case  they 
are  both  damped,  the  rate  of  subsidence  being 
the  same  in  each  case.  A  complete  discus- 
sion of  the  effect  of  rotation  on  stability  is 
out  of  the  question  at  present  owing  to  our 
lack  of  knowledge  of  the  values  of  the  various 
resistance  coefficients,  but  it  may  be  worth 
while  to  ascertain  the  conditions  for  stability 
by  finding  the  conditions  that  a  cubic  equa- 
tion with  complex  coefficients  may  have  roots 
whose  real  parts  arc  all  negative. 

The  conditions  that  a  cubic  equation  with  complex  coefficients  may  liave  the  real  parts  of  all 
its  roots  negative. 

The  method  given  by  E.  J.  Routh1  for  finding  the  conditions  that  an  algebraic  equation 
with  real  coefficients  may  have  the  real  parts  of  all  its  roots  negative  may  be  extended  to  the 
case  of  an  equation  with  complex  coefficients. 

Let  us  consider  the  case  of  the  cubic 

(x  +  aj  (x  +  aj  (x  +  a3)=x3  +  px2  +  qx  +  r=x3+(pl+ip2)x2+(q1+iq2)x  +  r1  +  ir2 

Let  a1  =  x1  +  iyi,  a2  =  x2+iy2!  a3  =  x3+iya,  and  let  the  equation  whose  roots  are  —  x1  +  iy1, 
-x2+iy2,  -x3  +  iy3,  be 

(x-f  ft)  (x+p2)  {x+p3)=x3+Px2  +  Qx  +  R. 

In  Routh's  method  the  first  step  is  to  write  iy  for  x  and  to  separate  the  real  and  imaginary 
parts  of  the  cubic,  thus  obtaining  two  expressions 

y3+P2y2-qiy-r2=f1(y) 

The  process  of  finding  the  greatest  common  measure  of  /,  (y)  and/2  (y)  must  now  be  carried 
out,  the  sign  of  the  remainder  being  changed  at  each  step  just  as  in  Sturm's  theorem.  In  this 
way  we  obtain  a  series  of  polynomials  whose  first  coefficients  are 

li  Pii  rsi  and 
1  P' 


>  Loc.  eit. 
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respectively,  where 

In  order  that  x„  x2,  and  x3  may  all  be  positive  it  is  necessary  and  sufficient  that  pit  H, 
and  K  should  all  be  positive.  The  quantity  E  becomes  zero  when  any  one  of  the  quantities 
xi>  x2,  x3  becomes  zero,  it  corresponds,  therefore,  to  Routh's  discriminant  in  the  case  of  the 
real  quartic.    In  terms  of  xv  x2,  x3,  yv  y2,  y3,  the  expressions  for  H  and  K  are 

H  =  Ax2x3  +  Bx3x^  +  CXyX2, 
H2K=Xlx2x3[H2-(lC-nA)  (mA-lB)  -  (mA-lB)  (nB -mC)  -  (nB -mC)  (IC-nA)] 

where 

A  =  (xj  +  x3)  (2x,  +  x2  +  x,)  +  (y2  -  y3y, 
B  =  (xt+x1)  {2x2  +  x3  +  x1)  +  {y3-yl)2, 
C=  (x,  +  x2)  (2x3  +x1+x2)  +  (yl- y2)2, 
l  =  xl{y2-y3),  rn  =  x2(ys-yl),  n  =  xi  (y,-2/2). 

It  is  not  evident  from  these  expressions  that  x,,  x2,  and  x3  are  positive  when  pt,  H,  and  K 
are  positive;1  also  H2K is  of  the  eleventh  degree  in  the  quantities  x,,  x2,  x3,  ylt  y2,  y3,  and  is  not 
the  simplest  function  of  the  coefficients  which  becomes  zero  when  one  of  the  quantities  x,,  Xj, 
xa  is  zero;  consequently  it  will  be  worth  while  to  find  an  alternative  set  of  conditions  which 
will  make  x„  x2,  and  x3  positive. 

Let  us  consider  the  expressions 

r=(a,+/3,)  (<*,+/32)  («,+&)  (a2+/3,)  (a, +/S,)  (a2  +  /33)  (a,+/3,)  («,+&)  (a3+/33) 

=  8x,x2x3  [(x2+x3y  +  (y2-y3)2]  [(x3+x,)2  +  (^-y,)2]  [(x, +Z,)2 +  (</,- 2/2)2], 
S  =  [(«,+&)  («3+/3s)+(«3+ft)  («i+/S1)  +  (a,+/3l)  («,+&)]  X 
[(a2  +  /33)  (a, +18,)  + (a, +18,)  (a,  +  /S,)  +  («,  +ft)  (a2+ft)]X 
[(a2+/3,)  (a3+j32)+(a3+(32)  (a,+/S,)  +  («, +/S,)  (a2+/J,)] 
=  4[x2x3+x3x,  +  x,x2]  [{x2+x3  +  i(i/2-y3)}  {x3+x,  +i(ys-yt)} 

+  { x,  +  x,  +  i  (y3  -  yt ) }  { xt  +  x2  +  i  ( yi  -  y2) }  +  { (x,  +  x2)  +  i  ( y,  -  y2) }  { x2  +  x3 + i (y2  -  yt) }  ]  X 
[ { (x,  +  x2)  -      - y2) }  { x2  +  x3  -  i(y2  -  y3) }  +  { x2  +  x3  - i(y2  -  y3) }  { x3  +  x,  - i (i/3  -  y.) }  + 
{x3  +  x,-i  (y3-y,)}  {x,+x2-i(y,-y2)}], 
Sl  =  [(«2+/32)  (a3+^,)  +  (a3+^)  (a, +03) +(«,+&)  (a2+/32)]X 
[(a2+&)  (a3+/32)  +  (a3+&)  (a,  +/S,)  +  (a,  +0,)  (aj+^jX 
[(«2+ft)  («3+53)  +  (a3+W  K+^  +  ^+flj)  (a2+j3,)] 
=[4xj  (x, + x3)  +  (x,  +  x3) 2  +     -  2/1) 2]  [4x,  (x,  +  x3)  +  (x2  +  x3) 2  +  (%  -  y3)2]  X 
[4x3(x,  +  x2)  +  (x,  +  x2)2  +  (y,  -  y2)2], 
p,  =  x,  +  x2  +  x3. 

It  will  be  noticed  that  the  second  and  third  factors  of  S  are  conjugate  complex  quantities 
and  so  their  product  is  a  positive  quantity.  It  is  clear  then  that  if  pv  S,  and  T  are  all  pos- 
itive, the  quantities 

X,  +  x2  +  x3,  X2X3  +  xsx,  +  x,x2,  X,X2X3 

are  all  positive.2  Now  let  xu  x2,  and  x3  be  regarded  as  the  distances  of  a  point  from  the  sides 
of  an  equilateral  triangle.  This  is  legitimate  since  x, +x2  +  x3  is  positive.  Keeping  this 
last  quantity  constant  a  point  can  be  used  to  represent  any  possible  set  of  values  of  x„  x2,  and 
x3  whose  sum  has  this  constant  value. 

Now  when  x2x3+x3x, +  x,x2  is  positive  the  representative  point  lies  within  the  circum- 
scribing circle  of  the  triangle  and  when  x,x2x3  is  positive  the  representative  point  lies  within 

■  In  the  case  of  the  quadratic  Pi-ii+x,,  ff-r,r,  I(ii+r!),+  (yi-j/!)5)=PiW?i-?a,+PiIJ|.  When  p,  and  B  are  positive  it  is  evident  that  i,+z, 
and  iiij  are  both  positive  and  that  consequently  x,  and  z,  are  positive, 
s  When  these  quantities  are  all  positive  S1  is  also  positive. 
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one  of  the  four  regions  bounded  by  lines  making  an  acute  angle  with  one  another.  It  is  clear 
then  that  when  x1  +  x2  +  zs,  x2x3  +  xsxx  4-  xxx2  and  z^x,  are  all  positive  the  representative  point 
must  lie  within  the  triangle  and  xu  x2,  x^,  be  all  positive. 

To  express  S  and  T  in  terms  of  the  coefficients  we  notice  that  if  two  of  the  quantities 
a,,  a2,  a,  are  interchanged,  or  if  two  of  the  quantities  /S,,  fi2,  /33  are  interchanged,  S  is  trans- 
formed into  Sl.    Hence  we  are  justified  in  assuming  that  there  is  an  identity  of  type 

S-SP-lcA 

where 

A -(<*,-«,)  («,-<*,)  a, -or,)  (ft -ft)  (ft -ft)  09, -ft) 

Comparing  coefficients  we  find  that  it  =  —  1 . 
Writing  S  in  the  form 

8  =  (q  +  Q  +  pP  -  «,&  -  a#t  -  or3ft)  (q  +  Q  +  pP- ayS,  -  o.ft  -  «  A)  (q  +  Q  +  pP-a^-  q^,  -  o^J,) 
=  (2  +  Q  +  2>P)2  (2  +  Q)  +  (q  +  Q  +  pP)  (p2Q  +  P2q  -3gQ)-U 

where 

U  =  (ayS,  +  a2ft  +  ayft)  (ay8,  +  a,ft  +  ayS3)  (ay8,  +  a3ft  +  a,ft ) 

we  assume  that 

-  17+  2  A  -  ^rtf  +  B(rPQ  +  Rpq)  +  C(rP3  +  Rp3)  +  DPQpq  +  Ep^P3  +  F(p3PQ  +  P3pq) 

Determining  the  unknown  coefficients  by  putting 

(1)  a,  =  o,  j3,=o. 

(2)  ft-O,  ft-o, 

(3)  «2=«S)  ft=o> 

(4)  ft=ft=ft, 
we  find  that 

97         Q  i 
-l«*-4p  B  =  2,  0--1,  D=-L2,  E=o,  F=o. 

Hence  finally 

27  Q 

S  =  (2  +  Q)  (q  +  <2  +  pPY  +  (j  +  Q  +  pP)  (p*Q  +  P2q  -  3qQ)  -  ^  rR  +  \  (.rPQ  +  Rpq) 
-rP3-Rp3-\pQpq-\A, 

A2  -  (p2q2  -  4p3r  +  18pqr  -±q3-2"7r>)  {P2Q>  -  4PIR  +  18PQR  -  4Q3  -  27  R2) 
Writing  T  in  the  form 

T=(a3  +  Pa2  +  Qax+R)  (aJ  +  PaJ  +  Qa.  +  R)  (a'  +  Pc^  +  Qc^+R) 
we  easily  find  that 

T=  r3  +  R3  +  Pr>q  +  pR2Q  +  Qrq2  +  qRQ2  -  2Qprl  -  2qPR2  +  3Rr*  +  ZR2r  +  Rq3  +  rQ3  -  ZRpqr  -  ZrPQR 
+  Ptpr2  +  p2PR2  +  P3!*  +  p3R2  +  PQpqr  +  pqPQR  +  P2Qqr  +  p2qQR  +  PQ2  pr  +  pq2PR  +  P2Rq2 
+ tfrQ3  -  2P2Rpr  -  2p2rPR  -  3r2FQ  - ZR2pq  -  QRpr  -  qrPR  -  2q2QR  -  2Q2qr. 
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COMPARISON  OF  UNITED  STATES  AND  BRITISH  STANDARD  PITOT -STATIC  TUBES. 

By  A.  F.  Zahm  and  R.  H.  Smith. 

PREFACE. 

It  has  been  stated  by  some  experimenters  that  the  standard  pitot-static  tube  used  by  the 
United  States  Navy  does  not,  at  all  airplane  speeds,  give  the  same  differential  pressure  as  the 
British  standard  pitot-static  tube.  Since  the  readings  of  these  two  tubes  form  the  basis  of 
comparison  of  a  part  of  the  British  and  American  aerodynamic  data,  it  was  deemed  advisable 
to  calibrate  them  with  reference  to  one  another  at  all  available  wind  tunnel  speeds.  This  was 
accomplished  in  the  8  by  8  foot  tunnel  constricted  to  4  by  4  feet  and  giving  a  fairly  uniform  air 
flow  at  all  speeds  up  to  160  miles  an  hour.  The  table  and  illustrations  were  prepared  by  Mr. 
G.  C.  Hill. 

DESCRIPTION  OF  TUBES. 

Figs.  1,  2,  3,  and  4  give  the  general  exterior  appearance  of  these  instruments  and  the  struc- 
tural drawings  of  their  nozzles.  In  shape  both  nozzles  consist  of  round  coaxial  tubes  termi- 
nating in  a  hollow  conical  nose  with  fine  external  taper  as  shown  in  the  figures.  The  Navy 
tube  has  the  steeper  taper  and  the  greater  number  of  static  holes  in  the  external  pipe.  The 
holes  in  both  are  0.040  inch  in  diameter.  Both  nozzles  are  attached  to  stream-line  shanks 
which  convey  the  static  and  impact  pressures,  respectively,  to  the  opposite  leads  of  their 
manometers  or  pressure  gauges.  The  theory  and  general  structure  of  such  tubes  are  too  well 
known  to  require  detailed  explanation. 

MANNER  OF  TESTING. 

During  calibration  the  tubes  were  placed  abreast  in  the  4  by  4  foot  tunnel,  equally  distant 
from  each  other  and  from  the  walls,  and  supported  from  their  shanks  which  ran  vertically 
upward  through  the  ceiling  of  the  tunnel  to  liquid  alcohol  manometers  having  a  1  to  5  slope. 
Vibration  was  prevented  by  a  fine  wire  attached  to  the  lower  ends  of  the  shanks  and  to  the 
side  walls.  During  the  test  the  British  tube  was  made  to  read  even  miles  per  hour  from  20  to 
160,  by  increments  of  10,  and  the  corresponding  pressure  difference  for  tho  other  tube  was 
observed  at  the  same  instant,  at  the  time  when  both  readings  were  steady.  After  a  complete 
and  careful  run,  duly  checked,  the  tubes  were  interchanged  in  position,  and  a  complete  new 
run  was  taken  with  the  British  tube  still  made  the  instrument  of  reference.  The  mean  of  the 
speed  indications  of  the  Navy  tube,  observed  at  any  one  speed  in  the  two  positions,  was  taken 
as  the  true  reading,  or  what  would  be  obtained  in  a  uniform  and  homogeneous  current. 

By  means  of  a  hook  gauge,  the  two  manometer  tubes  were  calibrated  to  0.001  of  an  inch  of 
water  simultaneously  and  under  the  same  pressure,  allowance  being  made  for  the  descent  of 
the  alcohol  in  their  reservoirs.  As  seen  from  Table  I  and  Fig.  5,  the  two  straight  glass  tubes 
of  the  inclined  manometer  were  of  uncommonly  uniform  diameter,  except  where  a  weld  in 
each  tube  was  made  during  construction.  Both  were  of  German  glass  3/16  of  an  inch  in 
diameter.  The  meniscus  could  be  located  accurately  to  0.01  of  an  inch  along  the  tube,  or 
1/500  of  an  inch  in  vertical  displacement,  thus  enabling  the  differential  pressure  in  the  nozzles 
to  be  read  truly  to  less  than  1  per  cent  at  20  miles  per  hour  and  still  more  accurately  at  higher 
speeds. 
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FIG.  1. — STANDARD  BRITISH  PITOT-STATIC  TUBE. 


FIG. 2.— U.  S.  NAVY  STANDARD  PIT0T-STAT1C  TUBE. 
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RESULTS. 

Fig.  G  gives  the  final  calibration  data  for  the  two  tubes.  When  the  corrected  air  speed  indi- 
cations of  the  United  States  Navy  tube  are  plotted  to  the  same  linear  scale,  against  those  of 
the  British  tube,  as  a  basis  of  reference,  the  data  all  lie  on  a  straight  line  whose  slope  is  unity. 
It  had  been  alleged  that  the  somewhat  steeper  cone  of  the  Navy  nozzle  caused  too  low  pressure 
in  the  static  holes.  From  this  diagram,  however,  it  appears  that  the  air  speed  readings  of  the 
two  instruments  are  identical  to  the  accuracy  of  indication  of  either  instrument. 

REMARK. 

It  seems  most  desirable  that  a  standard  pitot-static.  tube  be  accurately  calibrated  at  all 
speeds  used  in  aerodynamic  research.  The  precise  calibrations  thus  far  made  have  stopped  far 
short  of  the  speeds  available  in  modern  wind  tunnels  and  aircraft. 

2fl  .  .  .  .  .  .  .  f  1  I  1  1  1  1  1  1  


Fro.  5.— Readings  of  manometers  1  and  2  under  same  pressure.  Fig.  6.— Simultaneous  air  -peed  indications  of  two  pitot-static  tubes. 

Table  I — Readings  of  two  manometers  under  same  pressure. 
[Inches  of  alcohol  on  1/5  slope.] 


1  Manometer  No.  1. 

Manometer  No.  2. 

3.  00 

3.  01 

5.97 

5.  98 

8.  9G 

8.  96 

11.93 

11.93 

14.93 

14.  94 

17.  97 

18.00 

20.  98 

.    21. 00 

23.96 

23.  99 

27  01 

27.  02 

30.  03 

30.03 

33.03 

33.03 

36.01 

30.00 

38.94 

38.  93 

-12.  00 

42.00 

45. 10 

45  00 

48.06 

47.  90 

51.07 

51.  03 

54.  08 

53.  96 

57. 10 

57.  03 

59.  96 

• 

59.99 

153215— S.  Doc.  166,  66-2   55 
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Table  II. — Speed  comparison  of  United  States  and  British  pilot-static  tubes. 


Observed  Inches  of  alcohol  on  1/5  slope. 

Airspeed. 

/  2,  n,/ 

r-|_^ ->'.:.( 

"(p.)  '  j 

British  tube. 

United  HI 

(First  posi- 
tion). 

ates  tube. 

(Second  posi- 
tion). 

British  tube 
m.  p.  h. 

(Mean)  Lnitcd 
States  tube 
m.  p.  h. 

British  tube 
m.  p.  h. 

(Mean)  United 
States  tub 
m.  p.  h. 

1.21 

1.  23 

1. 21 

19.95 

20.03 

19.  95 

20.03 

2.71 

2.  73 

2.71 

29.  85 

29.92 

29.85 

29.  92 

4.83 

4.  85 

4.  82 

39.  85 

39.  85 

39.85 

39.  85 

7.  55 

.     7. 57 

7.53 

49.83 

49.83 

49.80 

49.80 

10.  85 

10.  88 

10.85 

59.  76 

59.78 

59.71 

59.73 

14.80 

14.84 

14.  77 

69.  76 

69.76 

69.  63 

69.  63 

19.  35 

19.40 

19.  35 

79.  77 

79.83 

79.  58 

79.64 

24.40 

24.45 

24.  33 

89.57 

89.  57 

89.  32 

89.32 

30.  20 

30.  30 

30. 18 

99.68 

99.  73 

99.  28 

99.33 

30.  55 

30.  70 

36.  55 

109.  65 

109.  75 

109.  11 

109.  21 

•51.  05 

43.  05 

43.  52 

119.  60 

119.  60 

118.90 

118.  90 

"43.  50 

51.40 

51.05 

129.  57 

129.  57 

128.  06 

128.  60 

59.  20 

59.  40 

59.  10 

139.  56 

139.64 

138. 42 

138.  50 

08.  00 

68.  20 

67.  80 

149. 49 

149. 49 

148.  07 

148.  07 

77.  30 

77. 35 

77. 10 

159. 41 

159.  38 

157.  62 

157.  57 

■Not  corrected  for  weld  in  glass  manometer  tube. 
Air  density  p„=. 07035  lbs./cu.  ft. 


Table  III.— Pressure  of  air  on  coming  to  rest  from  various  speeds. 


Barometric  plus  impact  pressure  in 

Impact  pressure  in  pounds  per 
square  foot:  1  mcpadyne/sq. 

Impact  pressure  in  inches  of 

standard  atmospheres,  i.  c.,  in  moga- 

water:  1  meeadync/sq.  cm.= 

Airspeed  in 
miles  per 
hour. 

dynes/sq.  cm. 

cm.-2,0SSlbs.sq./ft.> 

401.8  in.  of  water.' 

Percentage 

ditlcrence. 

Incompressible. 
P=l+-2- 

Adiabatic 
p-.(l+.0O0O01747  V2)»» 

Incompressible. 

Adiabatic. 

Incompressible. 

Adiabatic. 

0 

1.  000000 

1.  000000 

0.  0000 

0.0000 

0.  0000 

0.  0000 

1 

0.  00 

10 

1.000122 

1.000122 

0.  2547 

0.2547 

0.0490 

0.  0490 

0.00 

20 

1.  000488 

1.  000488 

1.0189 

1.0189 

0.  1965 

0.  1965 

0.00 

30 

1.  001099 

1.  001099 

2.  2947 

2.  2947 

0.4416 

0.4416 

0.00 

40 

1.001954 

1.001954 

4.  0S00 

4.0800 

0.  7851 

0.7851 

0.00 

50 

1.  003052 

1. 003054 

6.  3726 

6. 3768 

1. 2263 

1.  2271 

0.07 

60 

].  004396 

1.  004400 

9. 1788 

9. 1872 

1. 7662 

1.  7683 

0.  12 

70 

1.  005983 

1.  005994 

12. 4925 

12.  5155 

2. 4040 

2.4084 

.0.18 

80 

1.  007814 

1.  007833 

16.  3156 

16.  3553 

3.  1397 

3. 1473 

0.24 

90 

1.  C09890 

1.  009921 

20.  6503 

20.  7150 

3.  9738 

3.  9863 

0.31 

100 

1.  012210 

1.012259 

25.  4945 

25.  5908 

4.  9060 

4.  9257 

0.40 

no 

1.014774 

1.  014847 

30.  8481 

31.  0005 

5.  9362 

5.  9655 

0.49 

120 

1.017582 

1.  017687 

36.7112 

36.  9305 

7. 0645 

7. 1006 

0.59 

130 

1.  020635 

1.  020780 

43.  0859 

43.  3886 

8.2911 

8.3494 

0.70 

140 

1.  023932 

1.024130 

49.  9700 

50.  3834 

9.  6159 

9.  6954 

0.82 

150 

1.  027472 

1.027733 

57.3615 

57.  9065 

11.  0383 

11. 1443 

0.  95 

160 

1.031259 

1.  031594 

65.  2669 

65.  9683 

12.9126 

13.  0589 

1.00 

170 

1.  035311 

1.  035755 

73.  7292 

74.  6564 

14. 1879 

14. 3664 

1.  26 

180 

1.  039587 

1.040147 

82.  6585 

83.  8209 

15.  9062 

16. 1311 

1. 45 

190 

1.044108 

1.  044804 

92.  0977 

93.  550S 

17.  7220 

18.  0022 

1.  58 

200 

1.  048873 

1. 049728 

102.  0475 

103.  8321 

19.  6373 

19.  9807 

1.75 

'  Sec  Report  No.  20,  United  States  National  Advisory  Committee  for  Aeronautics,  Third  Annual  Report,  p.  400. 


=(1+0.000001747  V2)iS 
p„=l  mecadvne/sq.  cm. 
p„=0.001223  gm./cu.  cm. 
7=1. 40. 

V=  meters  per  sec. 

Note. — Using  7=1.405  would  lower  values  in  columns  5  and  7  less  than  0.02  per  cent  for  speeds  below  200  miles  an 
hour. 
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PREFACE. , 

With  each  delivery  of  a  new  type  or  size  of  airplane  the  manufacturer  furnishes  (1)  the 
data  and  (2)  the  computations  by  which  to  judge  the  performance  and  safety  of  the  machine. 

Under  "data"  may  be  classed  the  geometrical  dimensions  of  the  entire  craft  and  its 
parts;  the  physical  properties  of  its  materials,  both  raw  and  as  treated  for  final  use,  and  a 
description  of  the  method  of  treatment  of  these  materials;  the  measured  strengths  of  the 
whole  structure  and  of  its  elements;  the  weight  schedule,  giving  the  mass  and  position  of  the 
structural  parts  and  of  tho  carried  loads;  the  aerodynamic  properties  of  the  sustaining  and 
control  surfaces,  the  body,  the  undercarriage,  and  the  craft  as  a  whole;  the  records  of  inspec- 
tion and  full-scale  test,  etc.  To  this  must  be  added  much  special  information  about  the 
engine,  the  propeller,  the  navigating  instruments,  etc. 

Under  "computations"  may  be  furnished  information  as  to  the  stresses  and  performance 
of  (1)  the  motor;  (2)  the  screw;  (3)  the  craft  as  a  whole. 

The  present  work,  intended  as  a  handbook,  covers  primarily  the  theor}7  of  airplane  stress 
analysis,  but  ignores,  as  foreign  to  its  scope,  the  forces  within  the  engine  and  propeller.  It 
presents  analytical  methods  and  formulas  with  little  if  any  argument,  assuming  the  reader 
can  supply  the  proofs  or  will  not  require  them.  All  the  formulas  are  illustrated  by  problems 
given  immediately  in  the  text  and  solved  in  Chapter  IV. 

Acknowledgment  is  here  made  to  the  Journal  of  the  Franklin  Institute  for  a  part  of  the 
diagrams  and  subject  matter  which  the  writer  "previously  had  published  in  that  periodical; 
to  the  Curtiss  Aeroplane  &  Motor  Corporation  for  practical  data  used  in  the  problems;  and 
to  Mr.  L.  H.  Crook,  Mr.  N.  C.  Luther,  and  Mr.  R.  H.  Smith  for  assistance  in  revising  the  text 
and  reading  the  proofs.  The  aerodynamic  data  have  been  taken  partly  from  reports  of  the 
bureau  of  Construction  and  Repair  partly  from  those  of  other  laboratories.  A  portion  of  the 
wing-stress  equations,  taken  from  this  work,  will  appear  in  the  bureau's  forthcoming  book 
entitled  "Aircraft  Design  Data." 

A.  F.  ZAHM. 

January,  1918. 
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PART  L 


GENERAL  CONSIDERATIONS. 

By  A.  F.  Zahm. 


INTRODUCTION. 

This  report  was  prepared  at  the  Aerodynamical  Laboratory,  Navy  Yard,  Washington, 
D.  C,  by  direction  of  Rear  Admiral  D.  W.  Taylor,  Chief  Constructor,  U.  S.  Navy,  and  Mem- 
ber of  the  National  Advisory  Committee  for  Aeronautics,  for  publication  in  the  committee's 
Fifth  Annual  Report. 

1.  TERMINOLOGY. 

The  mechanical  terms  in  this  toxt  bear  the  same  moaning  as  in  standard  works  on  applied 
mechanics;  tho  aeronautical  terms,  whore  practicable,  follow  the  nomenclature  published  in 
1917  by  the  United  States  National  Advisory  Committeo  for  Aeronautics  (Report  No.  25). 
Some  words  not  so  published  are  used  of  necessity,  and  when  of  uncertain  moaning  arc  dofmod 
upon  thoir  first,  appearance  in  the  text.  For  example,  "air  force"  for  tho  resultant  of  air  pres- 
sure and  friction.  As  an  abbreviation  for  " angle  of  incidonce,"  the  term  ''incidence"  is  some- 
times used  in  this  toxt,  as  is  commonly  done  in  aerodynamic  works. 

2.  UNITS  AND  DIMENSIONS. 

For  the  most  part,  in  this  text  ordinary  British  units  aro  employed.  The  unit  of  mass  is 
sometimes  the  pound;  sometimes  tho  slug,  or  g  pounds,  g  being  tho  acceleration  of  gravity. 

Tho  standard  of  air  density  is  taken  as  0.07635  pound,  or  0.00238  slug,  per  cubic  foot,  or 
that  of  dry  air  at  760  m.  m.  and  15.6°  C.  Hence  the  familiar  full  impulse  pF2,  por  unit  cross 
section  of  a  jet,  is  0.00238  F2  pound  per  square  foot  when  Fis  feet  per  second,  or  0.0051  F=when 
Fis  miles  an  hour.  And  the  air  force  on  a  normal  surface  of  A  square  feet  is  #  =  0.00238  C4F2 
pounds  at  Ffeot  per  second,  C  being  a  dimensionless  multiplier,  called  the  "shape  coefficient," 
or  "absolute  coefficient " — a  constant  independent  of  tho  system  of  units.1 

3.  NORMAL  AND  ABNORMAL  LOADS. 

Structurally  an  airplane  is  under  normal  load  in  two  notable  cases:  (1)  On  earth  when 
resting  naturally  on  a  level  surface;  (2)  in  air  when  in  steady  straightaway  flight  at  any  inci- 
dence.2 In  these  cases  the  external  applied  forces,  whether  due  to  air,  oarth,  or  motor,  are 
constant  and  in  algebraic  sum  equal  to  the  weight  of  the  craft.  Some  may  be  positive,  others 
negative. 

In  all  other  conditions  the  loading  is  abnormal  and  may  be  either  constant  or  not  ;  either 
uniformly  increased  or  not;  either  positive  or  negative  For  example,  an  airplane  in  steady 
(light  around  a  level  circular  course  boars  a  constant  load  determined  by  tho  spcod  and  curvature. 
For  this  case  the  actual  load  in  terms  of  the  normal  is  tabulated  in  figure  5.  For  the  large 
path  curves  there  shown  the  increase  of  loading  is  substantially  uniform  throughout  the 
structure.  Again  tho  craft  may  be  diving  steeply  at  stoady  speed  and  incidence.  Then  its 
loading,  both  lift  and  drift,  is  constant;  the  first  smaller  than  normal,  the  second  larger.  When 
the  machine  is  standing  on  earth  some  of  the  loads' are  reversed  from  thoir  direction  in  air; 
whon  flying  invortcd  all  "lift  "  loads  are  reversed. 

1  In  general,  the  ssimo  formula  applies  toanin  -lined  flat  surface,  whose  face  area  is  A ,  so  Ions  as  its  incidence  and  orientation  remain  constant. 
5  The  loading  due  to  the  general  air  stream  is  illustrated  in  figs.  1,  2,  3,  4  for  a  typical  monoplane  surface. 
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4.  SUDDEN  LOADS. 

Inconstant  abnormal  loads  may  arise  from  sudden  changes  of  air  speed  or  incidence,  as 
in  diving,  or  riding  gusts;  from  motor  jerking;  from  impact,  against  earth  or  water,  etc.;  and 
their  change  may  be  uniform  throughout  the  structure  or  localized ;  uniform  or  irregular  in 
growth  and  docay.  But  frequently  it  suffices  to  assume  that  all  parts  of  the  structure  sustain 
the  same  acceleration  and  hence  the  same  change  of  load.  If  this  acceleration  be  j  at  any  part 
of  the  airplane,  the  masses  in  that  part  induce  stresses  jig  times  those  due  to  thoir  woight  alone, 
assuming  j  and  g  in  the  same  direction. 

When  practicable  in  engineering  tests,  an  acceleromoter  should  be  carried  in  the  active 
machino  to  record  the  component  accelerations  in  the  air  and  on  the  earth.  To  find  j  through- 
out the  craft,  it  is  well  to  use  several  accolerometors  distributed  throughout  the  structure. 

Sometimes  the  acceleration  is  estimated  from  observed  or  assumed  data.  For  example, 
suppose  that  a  craft,  regardod  as  a  single  rigid  mass  in  pure  translation,  lands  with  vertical 
velocity  component  v,  whose  "head"  is  h  =  v2l'2g,  and  comes  to  rest  with  uniform  cushioning,  of 
yield  <!.'    Then  the  ratio  of  its  average  vertical  acceleration  to  gravity  is2 

jlg=l+h/d.  d) 

It  is  twice  this  amount  if,  as  rarely  happens,  the  cushion  resistance  be  directly  proportional 
to  the  cushion  deflection  d. 

Equation  (1)  is  true  not  only  of  the  machino  as  a  whole,  but  of  every  part  of  it,  however 
elastic  the  structure.  If  the  craft  approach  land  in  pure  translation,  h  is  the  same  for  all 
elements,  but  d  varies  throughout  the  structure,  being  least  in  the  chassis  parts  and  greatest 
in  the  parts  remote' from  the  impact  points.  A  like  treatment  applies  to  longitudinal  and 
lateral  accelerations. 

The  assumed  maximum  acceleration  to  be  provided  for  in  the  design  of  an  airplane  is 
usually  specified  by  the  purchaser. 

Example  l.3 — If  an  acceleromoter  fixed  to  an  airplano  records  a  maximum  vertical  accelera- 
tion of  48  feet  per  second,  what  is  the  ratio  of  the  abnormal  to  the  normal  loading  ? 

Example  2. — An  airplane  in  landing  has  a  vertical  velocity  component  of  10  feet  per 
second  and  a  uniform  cushion  yield  of  6  inches.  Find  the  ratio  of  the  abnormal  to  the  normal 
stresses  in  the  landing  gear,  assuming  the  machine  to  be  a  rigid  structure 

5.  SIMPLE  STRESSES. 

The  direct  simple  stresses  here  treated  are  the  common  tensile,  compressive,  and  shearing 
stresses.    For  each  the  intensity  or  unit  stress  is  uniform  over  the  cross  section  and  is  given  by 

S  =  P/A,  (2) 
P  being  the  load  sustained  by  the  structural  cross  section  A.  For  each  case  the  load  and  stress 
have  the  same  direction.  For  torsion  in  a  round  shaft  the  intensity  of  direct  shearing  stress 
at  different  points  of  a  cross  section  varies  directly  with  the  radius  to  those  points  and  in  the 
outermost  fiber  is 

S=McU  (3) 

where  M  is  the  torsional  moment,  c  the  distance  from  the  center  of  gravity  to  the  outermost 
fiber,  •/  the  polar  moment  of  inertia  of  the  section. 

6.  INDIRECT  SIMPLE  STRESSES. 

Indirect  simple  stresses  perpendicular  to  the  applied  loads  occur  in  transverse  and  in 
torsional  loading.  In  both  cases  the  longitudinal  and  the  transverse  shearing  stresses  at 
any  point  are  equal. 

i  The  cushion  force  may  t;e  partly  air  lift,  partly  spring  lift.  Tho  air  lift  diminishes  slightly  with  tv  the  spring  lift  incrcas<  s  with  d.  thou,'  h 
seldom  directly  as  the  deflection,  depending  on  the  nature  of  the  cushioning  mechanism.  In  general,  the  longer  tie  ;  ield.if,  the  less  the  shock,  or 
mean  vertical  acceleration. 

'  To  prove  (1)  equate  tho  work  of  cushioning  to  the  work  of  total  fall: 

thus      Mji—  .\fg(h+i), 
whence  j/j—  1+  V, 
in  which  J/is  the  mass  of  the  machine  J  the  avcra'  e  cushioning  retardation 
'  The  solutions  to  all  the  examples  cited  in  the  text  are  given  in  Part  IV. 
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In  transverse  loading  the  tension  or  compression  is  greatest  in  the  outermost  fibers  of 
the  beam  and  is 

S=Mc/I,  (4) 

where  .1/  is  the  bending  moment.  /  the  moment  of  inertia  of  the  cross  section. 

In  a  beam  so  loaded  the  longitudinal  shearing  stress  varies  over  any  cross  section,  being 
zero  at  the  remotest  fiber  and  increasing  toward  the  neutral  axis  of  that  section.  At  any 
reference  axis  Y  in  the  section,  parallel  to  the  neutral  axis,  the  horizontal  shear  is 

S  =  ac  VI It  (5) 

where  a  is  the  sectional  area  outward  from  Y.  c  the  distance  of  the  centroid  of  a  from  the 
neutral  surface,  V  the  total  shear  over  the  entire  beam  section,  and  t  the  thickness  of  the 
beam  at  Y.  In  most,  but  not  all,  practical  cases  the  horizontal  shear  is  a  maximum  at  the 
neutral  surface.  Its  value  there  is,  for  a  round  beam,  4/3  the  moan  vertical  shear  VI  A;  for  a 
rectangular  one  3  V/2  A. 

Example  3. — Find  the  longitudinal  shearing  stress  in  a  4-inch  square  beam  given  the  total 
vertical  shear  as  1,400  pounds;  first  with  the  diagonal  vertical,  then  with  it  inclined  45°. 

7.  RESULTANT  UNIT  STRESS. 

When  several  causes  simultaneously  produce  like  stresses  at  any  point  in  a  structure, 
these  may  be  algebraically  added. 

(a)  Endwise  stresses  due  to  simultaneous  endwise  and  transverse  loads. — Several  endwise 
stresses  may  occur  at  a  point  simultaneously.  Thus  in  the  lower  rear  spar  of  an  airplane 
the  lift  produces  tension,  the  drag  compression;  the  bending  moment  produces  tension  and 
compression.  The  algebraic  sum  of  all  these  is  the  effective  stress.  If  P  be  the  aggregate 
endwise  stress,  the  above  operation  is  expressed  by  the  following  equation, 

S  =  P/A±M/Z,  •  (6) 

in  which  .1/  is  the  bending  moment  due  to  the  running  load  only,  z,  the  section  modulus.  The 
obvious  physical  meaning  of  this  equation  is  that  the  first  term  represents  the  unit  direct  stress, 
the  second  term  the  unit  bending  stress,  which  may  be  taken  either  as  tensile  or  compressive. 
A  more  accurate  formula  for  the  total  endwise  unit  stress  here  considered  is 

5  =  PI  A  +  M/Z  +  JclPd/Z,  (7 ) 

in  which  d  is  the  deflection  due  to  M  only  (computed  as  in  figs.  13,  14,  15,  16),  and  Tc  is  a 
correction  factor  to  be  applied  to  d,  because  the  latter  is  slightly  increased  by  P. 

If  in  (6)  and  (7)  PI  A  is  a  tensile  stress,  the  succeeding  terms  can  be  reduced  to  "equiva- 
lent tensile  stress"  by  multiplying  them  by  Sh/Su  or  the  ratio  of  the  bending  to  the  tensile 
strength  of  the  material.  This  is  sometimes  done  when  Sb  differs  materially  from  Sf  Simi- 
larly, when  PI  A  is  a  compressive  stress.    The  equation  (6)  then  assumes  the  form 

S  =  St+rVIZ  (8) 

where  S  is  the  equivalent  tensile  stress  and  r  is  the  ratio  of  the  tensile  to  the  bending  strength 
of  the  material.    The  equivalent  compressive  stress  is  similarly  found.  • 

Formulas  (6),  (7),  may  be  used  for  wing  spars  and  for  non-tapering  flat  struts  bearing  a 
considerable  side  wind  pressure.  But  if  the  stmt  be  tapering,  S  can  not  be  found  by  formula 
(7)  here  presented,  since  d  is  unknown.  However,  for  normal  flying  conditions  the  deflection 
is  ignored,  since  there  is  no  appreciable  side  wind  against  the  strut. 

Example  4- — Find  the  resultant  unit  stress  in  a  2-inch  square  simple  beam,  due  to  an 
endwise  load  of  900  pounds,  a  maximum  bending  moment  of  1,100  inch-pounds,  and  a  maxi- 
mum deflection  of  0.05  inch  at  the  place  of  maximum  moment. 


1  By  a  well-known  approximate  formula  fc— sec  ^-JP/EI. 
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(b)  Endwise  stresses  due  to  simple  endwise  loads  accompanied  by  bendir.g. — For  a  uniform 
column  or  strut  bearing  an  endwise  load,  but  no  transverse  one,  the  unit  actual  stress  in  the 
outermost  fiber  is  usually  found  by  Rankine's  formula 

S  =  [l+a(l/r)2]P/A,  (9) 

in  which  P  is  the  actual  end  loud  producing  stresses  lower  than  the  elastic  1  i nit,  I  is  the  length 
of  the  strut,  r  its  least  radius  of  gyration  at  the  center  section,  and  a  is  a  numerical  constant 
depending  on  the  material,  strut  form,  and  manner  of  constraining  the  ends.1    Values  of  a 
for  various  materials,  forms,  and  end  conditions  are  given  in  books  on  applied  mechanics. 
If  the  endwise  load  is  distant  v  from  the  column  axis  the  unit  stress  is 

S  =  [1  +  a(l/r)*  +  cp/r1]  PI  A  .  10) 

where  c  is  the  distance  of  the  remotest  fiber,  and  r  is  the  radius  of  gyration. 

Example  5. — Find  the  unit  stress  in  a  pin-ended  column  1  inch  square  and  30  inches  long 
under  an  axial  load  of  200  pounds;  also  the  unit  stress  when  taking  the  eccentricity  of  the  load 
as  2  inches. 

(c)  Combined  shearing  and  normal  stress. — If  at  any  point  of  a  section,  S  is  the  normal  unit 
stress,  and  5,,  the  transverse  or  the  equal  longitudinal  shearing  unit  stress,  then  at  that  point  the 
maximum  resultant  shearing  stress  Sp,  and  maximum  normal  stress  S„  are,  respectively 


*'p=V^+(672)1  (11) 

SD  =  S/2±SV  (12) 

Example  6. — A  beam  is  subject  to  a  compressive  unit  stress  of  200  pounds  per  square  inch 
and  at  the  same  time  to  a  longitudinal  shearing  stress  of  250  pounds  per  square  inch.  Com- 
pute the  maximum  resultant  stresses. 

8.  REPETITIVE  AND  EQUIVALENT  STRESS. 

When  a  variable  load  stresses  a  member  frequently  through  a  fraction  m  of  its  elastic 
limit,  the  equivalent  steady  stress  may  be  taken  as 

S'  =  S(\+?n)a  (13) 

where  S  is  the  allowable  constant  stress,  and  n  is  unit)'  for  very  numerous  stress  lluctuations, 
zero  for  very  few.2 

Example  7. — If  a  member  whose  allowable  constant  stress  is  20,000  is  stressed  frequently 
to  15,000  and  has  an  elastic  limit  of  60,000,  what  is  the  equivalent  stress? 

9.  MAXIMUM  STEADY  LOAD  AND  STRESS. 

For  a  member  subject  to  uniform  simple  stress  the  greatest  possible  load  it  will  sustain  is 

P  =  SA  (14) 

S  being  the  strength  of  the  material,  and  A  the  sectional  area  of  the  member.  Examples  in 
airplane  construction  are:  For  tension,  the  stays;  for  compression,  the  short  struts;  for  shear, 
the  clevis  pins.    In  all  such  cases  the  maximum  load  and  maximum  unit  stress  occur  together. 

For  a  structural  element  not  subject  to  uniform  simple  stress  the  greatest  possible  load  may 
exceed  that  causing  the  greatest  stress.  A  long  strut,  for  example,  may  bear  a  greater  endwise 
load  and  sustain  less  fiber  stress  before  much  bending  occurs  than  when  bowed  excessively. 

For  a  pin-ended  wooden  strut  having  a  slcnderness  ratio  l/r,  above  120,  the  maximum  load 
is  computed  bv  Eulcr's  formula 

Pm„  =  *1EI/P  (15) 

where  I  is  the  length  between  pins,  /  the  least  moment  of  inertia  of  the  middle  section. 
For  pin-ended  struts  with  a  lower  slenderncss  ratio  Johnson's  formula 

Pmai  =AC(l-  CT/40 Efc»)  (16) 


i  Sco  Rankine's  Applied  Mechanics,  section  328.  The  use  ol  formula  (9)  (or  computing  P»oj  is  not  recommended,  formula;  (15),  (10)  giving 
better  results. 

'  See  Upton,  Materials  of  Construction,  section  215. 
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is  used,  where  A  is  the  middle  section  area,  6  the  crushing  strength  of  the  material,  k  the  least 
radius  of  gyration  of  the  middle  section.  Jf  the  strut  has  very  securely  fixed  ends,  the  above 
two  values  of  Pmax  may  be  quadrupled. 

The  crippling  load  on  any  strut  or  column  is  sometimes  given  as  a  function  of  the  slenderness 
ratio  l/r,  in  tables  or  diagrams  derived  from  laboratory  tests  of  full  scale  test  pieces. 

Example  8. — Find  the  maximum  load  for  a  pin-ended  spruce  column  of  length  60  inches, 
cross  section  3  square  inches,  and  moment  of  inertia  0.3  inch  *. 

10.  FACTORS  OF  SAFETY. 

Given  the  resultant  fiber  stress  intensity,  this  may  be  divided  into  an  assumed  limiting  stress 
to  find  the  strength-stress  ratio,  commonly  called  the  "factor  of  safety."  The  limiting  stress  is 
determined  from  standard  test  pieces  of  the  material  and  of  the  structural  forms  in  question. 
For  each  material  and  form  employed  in  the  industrial  arts  the  assumed  limiting  stress  is  com- 
monly fixed  by  agreement  between  the  constructor  and  the  purchaser.  For  stays,  turnbucklcs. 
fastenings,  etc.,  and  sometimes  for  struts — also  for  entire  truss  members,  wings,  fuselages,  etc. — 
the  factor  of  safety  is  taken  as  the  ratio  of  the  greatest  possible  load  to  the  greatest  actual  load 
of  the  member,  the  former  load  being  found  experimentally,  the  latter  either  by  calculation  or 
by  instrumental  test  under  working  conditions  either  real  or  simulated. 

Example  .9. — Find  the  factors  of  safety  in  example  6  for  a  maximum  shearing  stress  of 
1 ,000  pounds  per  square  inch,  and  a  maximum  compressive  stress  of  4,000  pounds  per  square 
inch;  also  the  factor  of  safety  in  example  S  for  an  applied  load  of  250  pounds. 
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AIRPLANE  WING  STRESSES. 

By  A.  F.  Zahm. 


11.  SCOPE  OF  TREATMENT. 

Tho  study  of  wing  stresses  may  cover  in  succession  the  fabric,  the  ribs,  the  ailerons,  the 
spars  as  beam  members,  the  lift  and  drag  trussing.  From  the  resultant  stresses  so  found 
are  computed  tho  factors  of  safety  for  steady  normal  flight,  taking  account  of  the  known 
strength  of  the  individual  members  or  of  their  dimensions  and  materials. 

12.  WING  FABRIC  LOADING  AND  STRESS. 

The  tensile  stress  in  the  fabric  at  any  point  of  a  wing  surface  may  be  computed  from  the 
given  curvature  and  air-pressure  distribution  at  that  point.  Typical  external  pressure  dis- 
tributions on  a  monoplane  sin-face  are  shown  in  figures  1,  2,  3,  and  4.  The  internal  pressure 
is  sensibly  constant  and  unknown,  but  with  impervious  fabric  may  be  made  equal  to  the 
external  surface  pressure  at  any  point  by  perforating  the  canvas  there. 

At  any  part  of  the  surface,  as  in  figure  6,  let  p  be  the  resultant  point  pressure  of  the  air 
in  pounds  per  square  foot,  a  the  distance  in  inches  between  ribs,  and  c  the  depth  in  inches  of 
the  bulge  in  the  canvas  midway  between  the  ribs:  then  the  fabric  tension  t,  in  pounds  per 
linear  inch,  neglecting  the  effect  of  the  fore  and  aft  curvature,  can  be  shown  to  be  approximately 

t  =  0.00087  pa2/c.  (17) 

Values  of  t  for  various  air  pressures  and  bulging  of  the  fabric  are  given  in  figure  6. 

13.  RIB  LOADING  AND  STRESS. 

The  usual  airplane  rib  may  be  considered  as  a  beam  supported  at  two  points  (at  the  spars) 
and  sustaining  the  air  force  on  all  the  fabric  lying  nearer  to  itself  than  to  the  neighboring  ribs. 
In  figure  7  is  shown  the  distribution  of  the  air  force  normal  to  the  rib  surface  and  also  the 
distribution  of  the  components  of  this  air  force  normal  to  the  chord.  The  running  load  on  the  rib 
is  not  sufficiently  uniform  to  make  applicable  the  ordinary  formulas  for  uniformly  loaded  beams. 

By  considering  the  average  loading  upon  each  element  of  length  as  a  concentrated  load 
we  may  compute  the  shear  and  moment  for  a  number  of  points  and  plot  them  as  in  figure  8. 
This  process,  however,  is  laborious. 

For  approximate  treatment  we  may  divide  the  rib  into  three  parts,  tho  segment  between 
the  spars,  the  front  segment,  and  the  rear  segment,  and  consider  the  total  running  load  on 
each  segment  as  a  concentrated  load.  The  magnitude  and  position  of  each  such  load  may  be 
found  by  well-known  methods.  From  these  concentrated  loads  the  shear  and  moment  dia- 
grams can  be  readily  drawn,  as  shown  in  full  lino  in  figure  9,  where  the  dotted  lines  are  super- 
posed from  figure  8.  The  maximum  vertical  shearing  forces  are  practically  the  same  in  both 
cases,  while  the  maximum  negative  bending  moment  in  the  case  of  such  approximation  is  about 
twice  that  of  the  true  moment  and  should  be  halved  for  the  working  approximation. 

If  the  concentrated  load  on  the  front  and  rear  segments,  as  shown  in  figure  9,  be  denoted  for 
each  by  R  and  located  at  a  distance  I  from  the  spar,  the  unit  bending  stress  next  to  the  spar  is 

S  =  Rl/Z,  (18) 

Z  being  the  section  modulus  of  the  cross  section  of  the  uiisevered  part  of  the  rib  segment 
where  it  meets  the  spar. 

807 


808 


ANNUAL  REPORT  NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS. 


Again,  if  R,  the  concentrated  load  on  the  portion  of  the  rih  amid  spar-;,  is  distant  a  and  b 
from  the  front  and  rear  spars,  respectively,  the  unit  bending  stress  at  R  is 

S  =  RalKa+b)Z,  (19) 

Z  being  the  section  nodulus  there.  Dividing  S  in  (19)  by  2  gives  a  fair  approximation  to  the 
true  bending  stress  for  the  distributed  load. 

The  rib  shearing  stress  may  be  found  by  the  shearing  stress  formulas  presented  in  Part  I. 

Example  1. — A  rib  loaded  as  in  figure  39  has  the  dimensions  there  specified;  find  the 
unit  stresses  for  bending,  maximum  shearing,  and  average  vertical  shearing  just  outside  the 
spars  and  just  inside  the  spars;  also  the  unit  bending  stress  at  R  between  the  spars. 

14.  AILERON  LOADING  AND  STRESSES. 

The  loads  on  the  aileron  are  the  control-wire  pull  and  the  air  force.  The  normal  pull  may 
be  taken  as  the  greatest  the  pilot  would  caro  to  exert  regularly  in  flight  and  is  measured  Avith 
a  spring  balance  when  the  pilot  seated  in  a  stationary  machine  vigorously  plies  the  control. 
The  aileron  moment  equals  the  control-wire  pull  times  its  distance  from  the  aileron  hinge 
axis;  also  equals  the  aileron  air  force  times  its  distance  from  the  hinge.  If  this  latter  dis- 
tance be  assumed  of  some  reasonable  magnitude  and  be  divided  into  said  moment,  it  gives 
the  amount  of  the  air  force.  Sometimes  also  the  air  force  is  estimated  from  the  size,  incidence, 
and  forward  speed  of  tho  aileron,  taken  with  suitable  aerodynamic  data  and  with  allowance 
for  the  propeller  slip  stream,  if  any.  In  practice,  the  aileron  force  may  be  assumed  to  be  at 
the  center  of  the  surface  and  equal  to  PA,  where  P  is  the  resultant  pressure  per  unit  area  of 
the  aileron  surface  A.    The  value  of  P  is  usually  specified  by  the  purchaser. 

Having  thus  found  either  the  control-wire  pull  or  the  moment  of  the  air  force  on  the 
aileron,  tho  stresses  may  be  readily  computed  from  tho  frame  diagram  by  the  usual  methods 
of  statics.  If  the  moment  of  tho  air  force  tends  to  twist  the  aileron's  hinge  rod,  the  unit 
stress  in  the  latter  is  computed  by  the  formula 

S=M/Z  (20) 

where  M  and  Z  are,  respectively,  the  given  moment  and  the  torsion  section  modulus.  In  this 
case  the  aileron  rihs  are  simple  cantilevers  jutting  out  from  the  hinge  rod,  and  are  stressed  like 
the  trailing  edge  of  a  wing  plane,  and  arc  treated  by  the  foregoing  rib  analysis. 

Sometimes  the  control  wire  pulls  on  an  aileron  lever  from  whose  outer  end  several  stays 
run  to  the  rear  edge  of  the  aileron  surface,  as  shown  in  figure  3S.  Each  principal  aileron  rib 
then  sustains  a  compressive  component  force  duo  to  the  applied  stay,  a  transverse  running  air 
force,  and  the  transverse  component  forces  of  its  outer  and  its  inner  end  attachments.  If  only 
the  transverse  forces  be  considered,  the  aileron  rib  stress  may  be  calculated  by  the  formula  for 
the  mid  segment  of  a  wing  rib,  as  already  treated.  The  endwise  force  caus-cs,  at  any  cross  sec- 
tion of  the  aileron  rib,  a  compressive  unit  stress  roughly  equal  to  that  force  divided  by  the 
section  area. 

The  leading  and  trailing  edges  of  the  ailoron  are  treated  as  continuous  beams  supported  and 
loaded  as  in  figure  13. 

Exam-pie  2. — An  aileron  bearing  a  uniform  pressure  of  20  pounds  per  square  foot  has  the 
dimensions  and  structural  form  shown  in  figure  3S.  Find  the  moment  about  the  hinge  and  the 
stress  in  the  control  wire.  Find  also  the  vertical  reactions  at  the  stay  wire  upon  the  trailing 
edge  beam. 

15.  RUNNING  LOAD  ON  WING  PLANES  1  AND  SPARS. 

The  air  loading  and  weight  of  a  wing  plane  is  in  general  not  uniform  along  the  whole  length 
of  the  plane,  but  may  be  taken  as  uniform  for  each  small  unit  of  the  length.  The  actual  distri- 
bution of  the  air  loading  throughout  the  length,  in  a  uniform  wind,2  is  illustrated  in  figure  4.  For 

1  In  this  text  the  term  "  wing  "  denotes  a  main  supporting  rrembcr  on  the  right  or  left  of  the  airplane.  Thus,  a  biplane  w  ing  comprises  tw  o  wing 
planes,  the  "lop  plane"  and  the  "bottom  plane, "  joined  by  "intcrplone"  trussing.    Similarly  for  a  triplane,  a  quadruplsne,  a  multiplane. 

*  In  case  a  propeller  slip  stream  washes  the  plane  the  wind  is  still  less  uniform  over  the  plane.  To  be  very  ac  curate,  this  case  would  require 
special  trcatmont. 
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practical  computation  this  distribution  may  be  taken  as  constant  along  each  panel 1  or  each  spar 
length  of  the  wing  plane,  and  is  so  taken  in  the  present  treatment. 

The  manner  of  referring  the  running  air  load  and  running  weight  of  the  plane  to  the  spars, 
and  there  resolving  them  in  the  plane  of  the  lift  trussing  and  drag  trussing,  is  shown  in  figure  10. 
Let  L?  D,  W  be  the  running  lift,  drag,  and  weight  of  the  plane  and  al,  hi  the  distances,  respec- 
tively, of  their  points  of  application  from  the  rear  spar,  a  and  b  being  numerical  fractions  and  I  the 
distance  between  spars.  Then  at  the  front  spar  the  parallel  components  of  L,  D  are  aL,  aD; 
and  the  parallel  component  of  If  is  b  W,  which,  taken  from  aL,  gives  the  net  running  lift  across 
wind  at  the  spar  in  question.  Compounding  graphically  this  net  lift,  aL-b  W,  with  the  drag  aD, 
gives  the  resultant  spar  running  load  72.  This  resultant  is  now  resolved  graphically  into  the 
components  u\,  w2  in  the  lift  and  drag  truss  planes;  also  into  w,  •«''  in  the  spar  web  piano  and 
normal  thereto. 

In  a  similar  manner  the  resultant  running  loads  and  their  component  running  loads  in  the 
lift  and  drag  truss  planes  may  be  found  for  the  remaining  spars.  Frequently  in  practice  the 
running  load  on  the  lower  spar  of  a  biplane  is  found  from  that  of  the  upper  by  dividing  by  some 
simple  ratio,  say  1.2,  as  indicated  by  aerodynamic  experiments. 

Example  3. — A  biplane  wing  has  I  he  form  and  loadings  shown  in  figure  41 :  find  tho  resultant 
loadings  on  the  spars  and  their  components  in  the  planes  of  tho  lift  and  drag  trussing  for  angles 
of  incidence  of  2°  and  12°. 

16.  SPAR  BENDING  MOMENTS,  SHEARS,  PIN  REACTIONS,  DEFLECTIONS. 

From  the  miming  load  ivt  on  a  spar,  figure  10,  and  from  the  position  of  the  strut  pins,  or 
constraints,  the  bending  moments,  shearing  forces,  pin  reactions,  and  deflections  may  be  com- 
puted by  the  familiar  formulas  for  loaded  beams.  In  general,  these  four  quantitaties  can  be 
computed  by  direct  use  of  Clapeyron's  original  three-moment  theorem,  figure  11,  but  for  usual 
cases  are  more  conveniently  found  by  the  formulas  derived  therefrom  and  presented  in  figures 
13,  14,  15,  16. 

(a)  Bending  moments  and  bending  stresses. — The  bending  moment  diagram  is  usually  a  chain 
of  parabolic  curves,  whose  maxima  arc  tabulated,  for  usual  cases,  in  figures  13,  14,  15,  16.  From 
these  maxima  and  the  tabulated  joint  moments  the  complete  diagram  is  plotted,  as  in  figure  17. 

In  some  unusual  cases  the  axes  of  the  spar,  stmt,  and  stay  do  not  pass  through  a  common 
point.  The  increment  of  moment  caused  by  such  eccentricity  of  tho  stay  attachment  is  treated 
analytically  in  figure  12  and  applied  graphically  in  figure  IS. 

The  maximum  bending  moment  in  the  strut  plane,  multiplied  by  w/u\,  gives  that  for  the 
plane  of  the  spar  web,  figure  10,  from  which  may  be  computed  the  unit  bending  stresses  in 
the  spar.    The  unit  stress  is  given  by  the  equation 

S=M/Z,  (21) 

M  being  the  moment  and  Z  the  section  modulus  of  the  cross  section  of  the  spar. 

(&)  Shearing  forces  and  shearing  stresses. — The  shear  diagram  is  drawn  by  plotting  as 
ordinatos  the  values  of  the  transverse  shearing  force  on  each  side  of  the  pins,  then  joining  the 
ordinates  by  straight  lines,  as  shown  in  figure  17.  Each  line,  as  is  well  known,  cuts  the  spar 
axis  at  a  point  of  zero  shear  and  of  maximum  moment. 

The  values  of  these  shearing  forces  multiplied  by  w/w1  give  the  shearing  forces  in  the 
plane  of  the  spar  web,  from  which  may  be  derived  the  corresponding  shearing  stresses  by  the 
shear  formulas  of  Part  I. 

(c)  Pin  reactions. — From  the  two  "vertical"  shears  at  any  spar  joint  the  pin  reaction 
is  most  readily  found  by  simple  subtraction  as  in  figures  14,  15,  16.  If  the  points  of  zero 
shear — that  is,  of  maximum  moment — are  known,  the  pin  reaction  at  any  joint  is  taken  as  the 
distance  between  the  neighboring  maxima  times  the  mean  loading. 

(d)  Deflection. — To  find  the  exact  place  and  amount  of  the  maximum  spar  panel  bending 
the  deflection  curve  may  be  plotted  from  the  elastic  equation  given  in  figures  14,  15,  16. 


1  The  panel  of  a  spar  or  wing  plane  is  its  portion  between  consecutive  lift  struts. 

2  The  determination  of  L  and  D  is  explained!  n  tltc  aerodynamic  treatment  of  airplanes. 
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Otherwise,  since  the  point  of  maximum  deflection  in  any  span  is  near  that  of  maximum  bend- 
ing moment,  the  latter  point  may  be  taken  as  the  place  of  maximum  deflection.  Then  the 
approximate  maximum  deflection  d  is,  by  the  formula  of  figures  14,  15,  16, 

a ( =  y)  =  -  x0[l  2  M(l -  xo)  +  4  V(P  +  x0>)  +  w(P  -  x03)]/24  EI,  (22) 

where  x„  is  the  tabulated  abscissa  of  the  point  of  maximum  moment.  As  shown  for  an  extreme 
practical  case  in  figure  19,  the  difference  between  this  approximate  deflection  and  the  true 
deflection  is  less  than  2  per  cent. 

Example  4- — Find  the  shears,  moments,  and  reactions  for  the  upper  and  lower  front  spurs 
of  the  biplane  trussing  shown  in  figure  40  due  to  the  uniform  running  loads  found  in  example 
3;  also  the  reactions  of  the  spars  in  the  planes  of  the  lift  and  drag  trussing  and  the  shears  and 
moments  on  each  spar  in  the  plane  of  the  spar  web. 

Example  5. — Find  and  plot  the  resultant  moments  due  to  the  uniform  loading  and  the 
eccentric  stay  wire  attachments  shown  in  figure  18. 

Example  6. — Compute  the  deflections  in  the  plane  of  the  spar  web  for  all  panels  of  the  biplane 
trussing  of  figure  40,  using  the  results  of  example  4. 

17.  CONCENTRATED  LIFT  AND  DRAG  ON  WING  TRUSSING. 

The  total  lift  component  on  any  strut  pin  in  the  plane  of  the  lift  struts  is  equal  and  opposite 
to  the  pin  reactions  given  by  the  formulas  of  figures  14,  15,  10  for  a  running  load  in  the  plane 
of  the  lift  trussing.  Multiplying  this  lift  component  by  tcju\,  figure  10,  and  adding  half  the  air 
resistance  of  the  adjoining  strut  and  stay  wires,  gives  the  drag  component  on  the  strut  pin  in 
the  plane  of  the  drag  struts.  The  pin  lifts  and  drags  so  found  are  taken  as  the  applied  loads 
on  the  lift  trussing  and  drag  trussing  and  are  used  to  find  the  endwise  stresses  in  their  struts, 
stays,  and  spars.    Convenient  formulas  for  the  concentrated  drag  loads  are  given  in  figure  20. 

An  alternative  method  for  finding  the  force  on  the  strut  pin  is  to  multiply  the  mean 
running  load  on  the  spar  by  the  distance  between  the  points  of  zero  shear  in  the  adjoining  spar 
panels.    Equivalent  formulas  for  this  operation  are  given  in  figure  21. 

In  applying  this  alternative  method,  if  the  points  of  zero  shear  have  not  previously  been 
found  they  may  be  taken  as  at  the  centers  of  each  panel  except  the  inner  or  root  panel.  For 
the  root  or  inner  panel  the  point  of  zero  shear  is  three-eighths  the  panel  length  from  the  body 
hinge  of  the  "engine  section."  This  is  an  approximate  method  sometimes  used  for  brevity.  Its 
accuracy  may  be  judged  by  reference  to  the  typical  moment  diagram  of  figure  19. 

To  the  above  concentrated  lifts  must  be  geometrically  added  the  weights  of  the  struts  and 
stays  and  in  some  cases  the  weight  of  the  motor,  the  force  of  the  aileron,  the  thrust  of  the 
propeller,  etc. 

When  external  stays  are  applied  to  the  wing,  such  as  lead  wires  or  under  struts,  these  may 
either  be  assumed  severed  or  be  taken  as  an  integral  part  of  the  trussing.  They  are  commonly 
assumed  to  be  severed,  so  that  the  wing  may  be  shown  adequately  strong  without  them  and 
not  liable  to  disaster  in  case  of  their  accidental  rupture.  Then  in  turn  the  external  stays  are 
assumed  to  bear  the  whole  lift  or  drag  while  the  internal  ones  are  severed. 

If  any  sloping  external  stay,  figure  24,  of  length  r,  whose  three  projections  on  the  reference 
planes  of  tho  machine  are  x,  y,  z,  sustain  a  tension  R,  whose  components  are  X,  Y,  Z,  then 

R/r  =  X/x~Y/y  =  Z/z.  (23) 

Thus  if  any  internal  drag  wire  should  fail,  causing  a  forward  pull  X  in  the  lead  wire,  the 
stress  in  this  latter  would  be  R  =  rX/x,  entailing  a  compression  in  the  spar  Y  =  yXjx. 

In  case  of  cabane  stays,  figure  24,  the  y  may  be  zero  and  R  =  rX/x.  Similarly,  the  stress 
in  a  fore-and-aft  diagonal  wing  stay,  supporting  a  drag  X  on  the  top  plane,  is  R  =  rX/x. 

Example  7. — Find  the  concentrated  loads  on  the  lift  trussing  of  example  4,  given  the 
weight  of  the  front  struts,  stays,  cabanes,  etc. 

Example  8. — Given  the  resistance  of  tho  front  struts  and  stays  and  the  running  load,  find 
the  concentrated  loads  on  the  drag  trussing  of  example  4,  by  the  zero  shear  method. 
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Example  9. — {liven  the  resistance  of  the  struts  and  stays  at  high  and  low  speeds,  find  the 
concentrated  loads  on  the  drag  (missings  for  both  speeds,  using  values  of  the  pin  reactions 
found  in  example  4. 

Example  10. — -An  aileron  hearing  a  uniform  pressure  of  20  pounds  per  square  foot  has  the 
dimensions  and  structural  form  shown  in  figure  38.    Find  the  stresses  in  the  stay  wires. 

18.  ENDWISE  STRESSES  IN  MEMBERS  OF  NONMULTIPLANE  WING  TRUSSING. 

(a)  Due  to  lift  and  drag. — From  the  given  concentrated  loads  and  frame  diagram  of  the 
wing,  the  aggregate  endwise  stresses,  and  thence  the  unit  stresses,  are  found  by  well  known 
analytic  and  graphic  methods. 

Convenient  analytical  methods  of  finding  the  aggregate  stresses,  i.  e.,  in  struts,  stays,  and 
spars,  are  presented  in  figures  22  and  23.  The  usual  graphic  method  is  illustrated  in  figures 
26  and  27. 

If  the  stress  in  but  a  single  strut  or  stay  of  a  biplane  be  desired,  il  can  be  obtained  directly 
by  an  appropriate  formula  a-;  a  simple  summation,  or  a  product  following  a  summation.  In 
such  truss  analysis  the  following  generalizations  may  be  useful: 

1.  Any  strut  exerts  a  thrust  equal  to  the  sum  of  all  the  loads  preceding  it.  Thus  in  figure 
22  R  is  preceded  by  the  loads  6,  G',  H.  II' .  /,  and  therefore  exerts  at  /  a  thrust  equal  to  their 
sum. 

2.  Any  stay  exerts  a  tension  equal  to  the  sum  of  the  loads  preceding  it  times  its  own 
length  divided  by  the  truss  gap.1  Thus  for  the  stay  Q  the  tension  is  (H  +  H'  + 1+  I')  q/Ji. 
Otherwise  the  vertical  component  of  any  stay  tension  equals  the  difference  between  the  strut 
thrust  and  the  concentrated  load  on  the  strut  joint;  also  the  horizontal  tension  component 
equals  the  difference  of  the  spar  thrusts  on  either  side  of  the  joint. 

3.  Any  top  spar  panel  exerts  a  thrust  equal  to  the  sum  of  the  moments  of  the  preceding 
loads  about  its  inner  end  divided  by  the  gap.  Any  lower  spar  panel  exerts  a  tension  equal 
to  the  sum  of  the  moments  of  the  preceding  loads  about  its  outer  end  divided  by  the  gap. 
The  tension  in  a  lower  spar  panel  equals  the  compression  in  the  one  obliquely  above  and  out 
from  it. 

(b)  Endwise  stresses  in  struts,  stays,  and  spars  due  to  wing  torsion. — The  aileron  lift  PA 
exerts  a  torsional  moment  M=PAl  about  the  wing  axis  distant  Z  from  PA.  The  ensuing 
endwise  stresses  in  the  wing  struts,  stays,  and  spars  can  be  calculated  by  the  formulas  for  a 
twisted  pyramidal  truss  given  in  figures  33  and  34. 

Example  It. — Find  the  endwise  stresses  in  the  struts,  stays,  and  spars  of  the  front  lift 
trussing,  figure  40,  for  low  speed  and  the  rear  lift  trussing  for  high  speed. 

Example  12. — Find  the  stresses  in  the  drag  trussings.  figure  40,  due  to  the  concentrated 
loads  of  example  !). 

Example  l.i.  Find  the  stresses  and  factors  of  safety  in  the  spars,  struts,  and  stays  in 
figure  40  for  low  and  high  speeds,  respectively. 

Example  14-~ Find  the  stresses  in  the  principal  members  of  the  wing  trussing  of  figure 
10  due  to  a  uniform  air  pressure  of  20  pounds  per  square  foot  on  the  aileron  surface  of  figure  38. 

19.  ENDWISE  STRESSES  IN  MEMBERS  OF  MULTIPLANE  WING  TRUSSING. 

Figure  25  gives  a  general  process  for  finding  the  stresses  in  a  multiplane  wing  truss,  and 
applies  it  to  a  triplane.  Before  employing  this  method  the  total  lift  on  the  strut  exerted 
by  all  the  planes  is  found  by  summing  their  individual  lifts,  as  in  article  17  on  concentrated 
loads. 

20.  STRESSES  IN  REDUNDANT  TRUSS  MEMBERS. 

The  last  article  illustrates  the  case  of  a  truss  having  redundant  members,  whose  stresses 
arc  indeterminate  by  rigid  statics,  but  determinate  by  elastic  statics.  To  generalize  this  case, 
suppose  a  multiplane  wing  truss  having  initial  stresses  in  both  its  load  wires  and  its  landing 

i  "Truss  gap"  here  means  the  distance  between  spar  centers  in  cither  the  lift  or  the  drag  plane. 

1 158215—  S.  Doc.  106, 66-2  56 
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wires.  Here  a  lift  L  applied  to  a  strut  causes  increase  of  tension  in  the  load  wires,  decrease 
in  the  others.  The  increments  of  tension  in  both  load  and  landing  wires  can  he  resolved  ver- 
tically, summed  and  equated  to  the  increment  in  L  which  causes  them.  The  obvious  expression 
for  this  is,  bv  figure  25, 

AL  =  APm/p  +  AP'm'/p'  +  AQn/q  +  AQ'n'/q' 

in  which  the  primes  refer  to  the  landing  wires  which  cross  the  load  wires  diagonally.  In  many 
practical  instances  of  wing  and  body  construction  the  unprimed  and  primed  quantities  are 
respectively  equal.    The  formula  then  becomes: 

AL  =  2  (APm/p  + AQn/q) 

Example  15. — Given  the  data  for  figure  25,  as  below,  solve  for  the  tensions  in  the  stay 
wires;  L  =  145  pounds;  wi  =  60  mches;  n  =  50  inches;  p  =  99.8  inches;  </  =  94.2  inches;  A  = 
.012  square  inch;  B  =  .012  square  inch;  and  E=  30,000,000. 

21.  GROUPING  OF  WING  ANALYSIS  DATA  AND  COMPUTED  VALUES. 

Figure  28  1  shows  synoptically  for  a  typical  wing,  (1)  the  general  aerodynamic  data  for 
its  individual  planes,  (2)  the  load  distribution  on  the  surfaces  and  trussing  at  both  high  and 
low  speeds,  and*  the  stress  analysis  for  these  conditions,  (3)  the  tabulated  dimensions  of  the 
truss  members,  their  principal  stresses  and  factors  of  safety.  Such  detail  calculations  as  do 
not  appear  in  the  diagram  are  given  in  the  solutions  of  the  individual  problems  of  Ibis  chapter. 


I  This  typo  ot  diagram,  prepared  by  the  writer,  was  published  in  part  l>y  the  Franklin  Institute  Journal  in  December,  11114;  entire  in  Aviatiuu 
and  Aeronautical  KiiKinecring  in  1917. 
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AIRPLANE  BODY  STRESSES. 

By  A.  F.  Zahm. 


21.  SCOPE  OF  TREATMENT. 

The  study  of  airplane  body  stresses  may  cover  in  succession:  The  tail  unit;  the  tail  skid; 
the  chassis  or  landing  carriage:  the  fuselage:  each  case  compromising  the  applied  loads,  the 
induced  reactions,  the  strength  of  the  structural  elements,  and  finally  the  factors  of  safety;  the 
fuselage  being  treated  last  because  stressed  by  all  the  other  members  thereto  attached. 

22.  THE  TAIL  UNIT. 

The  tail  unit  comprises  (a)  the  vertical  tail  surfaces;  (b)  the  horizontal  tail  surfaces.  The 
combined  air  forces  on  the  tail  surfaces — that  is,  the  lateral  force  on  the  vertical  surfaces  and  t lie 
vertical  force  on  the  horizontal  surfaces  are  taken  as  applied  loads  on  the  fuselage  stern  when 
in  (light. 

(a)  The  vertical  tail  surfaces. — The  rudder  may  be  hinged  to  the  rear  edge  of  a  fixed  vertical 
fin  attached  to  the  stern  of  the  fuselage  or  other  rearward  projecting  framework.  The  loads  on 
the  rudder  are  the  air  force  and  the  tiller  pull.  In  unbalanced  rudders  the  normal  tiller  pull  is 
usually  taken  as  the  greatest  force  a  pilot  would  care  to  exert  in  regular  flying,  and  is  determined 
by  measuring  with  a  spring  balance  the  force  exerted  by  a  pilot  when  seated  in  the  stationary 
machine  and  plying  the  control  vigorously.  In  common  practice  the  force  is  assumed,  as  for  the 
aileron  in  section  14,  to  be  at  tne  center  of  the  surface  and  equal  to  PA,  where  P  is  the  pressure 
per  unit  area  of  the  rudder  surface  A. 

The  fixed  vertical  fin  sustains  both  its  own  air  force  and  the  hinge  forces  exerted  by  the 
vertical  rudder.  The  first  may  be  taken  as  PA  applied  at  the  center  of  the  fin  area;  the  second 
may  be  computed  by  use  of  figure  13. 

(6)  The  horizontal  tail  surfaces.- — The  horizontal  rudder,  or  elevator,  is  usually  hinged  to  the 
rear  edge  of  a  fixed  tail  plane,  or  stabilizer.  The  elevator  stresses  are  found  as  for  the  cases 
already  considered  of  the  aileron  and  the  vertical  rudder.  The  stabilizer  is  treated  very  like 
a  monoplane  wing  except  that  it  sustains  considerable  force  on  its  rear  edge,  due  to  the  hinge 
pressures,  and  is  aerodynamically  influenced  by  the  presence  of  the  horizontal  rudder,  and  com- 
monly also  by  the  propeller  slip  stream. 

Example  1. — An  elevator  bearing  a  uniform  pressure  of  20  pounds  per  square  foot  has  the 
dimensions  and  structural  form  shown  in  figure  37.  Find  the  moment  about  the  hinge  and  the 
stresses  in  the  stays  and  the  control  wires;  also  the  hinge  reactions. 

Example  2. — Find  the  vertical  components  of  the  pin  reactions  of  the  front  and  rear  beams 
of  the  stabilizer  or  horizontal  fin,  figure  37,  due  to  a  uniformly  distributed  pressure  of  20  pounds 
per  square  foot  and  the  hinge  reactions  of  example  1. 

Example  8. — A  rudder  and  vertical  stabilizer  bearing  a  uniform  pressure  of  20  pounds  per 
square  foot  has  the  dimensions  and  structural  form  shown  in  figure  37:  find  the  transverse  loads 
on  the  upper  and  lower  trussing  of  the  fuselage  and  the  transmitted  couple  about  the  normal 
axis  of  the  various  sections. 

The  tail  sl-id. — When  the  craft  is  landing  or  resting  on  the  earth  the  tail  skid  force  is  taken 
as  a  stern  load  on  the  fuselage. 

The  normal  static,  or  dead  load  on  the  tail  skid  is  its  ground  pressure  when  resting  on  a  level 
surface,  or,  in  the  case  of  certain  waterplanes.  it  is  the  static  lift  on  the  rear  float.  The  normal 
lift  of  the  tail  skid  is  L=  Wa/l,  figure  29,  if  W  be  the  total  weight  of  the  craft,  and  a,  I,  the  dis- 
tances respectively  of  II'  and  L  from  the  tread,  or  forward  support  of  the  machine. 
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The  live  load  on  the  tail  skid  may  bo  resolved  into  rectangular  components  which  are  found 
as  in  figure  31,  when  the  craft's  dimensions  and  accelerations,  there  assumed,  are  known. 
( Mherwise  the  maximum  tail  skid  force  to  be  provided  against  may  be  specified  by  the  purchaser. 
From  the  force  so  found  or  specified  the  stresses  in  the  tail  skid,  tail  float  or  superstructure  may 
be  approximately  calculated  by  elementary  statics,  ignoring  the  accelerations  within  the 
structure. 

Example  Jh- — Compute  the  normal  lift  on  the  tail  skid  from  the  data  given  in  figure  29. 
Example  5. — Given  7  =  (i0,544  pound-feet2,  jx  =  16  feet/sec.2,  jy  =  8  feet/sec.2,  o  =  0.1  rad. 
/sec.2,  in  figure  31  and  the  dimensions  of  a  machine,  find  the  resultant  live  load  on  the  tail  skid. 

23.  UNDERCARRIAGE  LOADS  AND  STRESSES. 

The  normal  static  or  dead  load  at  the  bottom  of  the  undercarriage  equals  in  magnitude  the 
total  weight  there  supported  when  the  craft  is  resting  level.  The  supporting  pressures  are  per- 
fectly definite  in  some  cases,  as  when  the  craft  rests  on  two  wheels  and  a  skid,  or  on  four  cush- 
ioned wheels,  etc. 

The  stresses  in  the  under  carriage  may  be  computed  first  for  the  normal  static  load,  then 
for  a  similar  magnified  load  by  multiplying  by  an  assumed  ratio,  such  as  jig  in  section  4. 

When  the  airplane  pitches,  skids,  or  slews  about,  other  considerations,  which  may  be  of 
great  importance,  enter  the  stress  analysis.  The  case  of  an  airplane  skidding  or  abruptly 
canting  is  treated  at  the  end  of  this  article. 

For  a  common  airplane,  figure  2!),  if  I,  a,  be,  respectively,  the  distances  aft  the  axle  of  the 
tail-skid  toe  and  the  weight  W  of  the  whole  craft  less  wheels,  then  the  upward  pressure  on 
the  skid  toe  is  Wa/l,  and  this  taken  from  the  weight  gives  twice  the  pressure  R  on  each  of  the  axles. 

Resolving  R  parallel  to  the  side-viow  projections  of  the-  struts,  figure  29,  gives,  respec- 
tively, the  force  P  sustained  jointly  by  the  front  strut  and  stay  and  Q  borne  by  the  rear  ones. 
These  forces  in  turn  resolved  as  shown  give  the  stresses  in  the  individual  uprights  of  the  under- 
carriage.   The  first  resolution  obviously  gives 

P  =  R  sin  a/sin  y 

Q  =  R  sin  /3/sin  y,  (24) 

where  a,  |3,  7  are,  respectively,  the  angles  opposite  P,  Q,  It  in  the  force  triangle.  Similar  equa- 
tions in  turn  give  the  components  of  P,  Q  in  the  uprights. 

The  stresses  in  the  undertrussing  of  a  typical  seaplane  at  rest  are  treated  in  figure  30. 
The  lift  R  resolved  parallel  to  the  front  view  projections  of  the  struts  and  stays,  as  shown, 
give  its  components  P,  Q  in  the  planes,  respectively,  of  the  stays  and  of  the  struts.  Now 
resolving  P  in  the  true  plane  of  the  stays,  Q  in  that  of  the  struts,  as  shown,  gives  the  stresses  in 
the  uprights. 

As  shown  in  figure  29,  the  strut  pairs  bear  down  each  with  the  force  R  on  the  axle,  here 
assumed  to  be  a  straight  and  single  tube.  This  axle  normally  finds  support  at  the  centers  of 
the  wheels  and  sustains  on  its  segment  outward  from  the  struts  bending  and  shearing  stresses 
computable  by  the  simplest  cantilever  formulas  as  used  for  wing  ribs.  Between  the  strut 
bearings  the  axle  sustains  a  constant  bending  moment  equal  to  the  maximum  in  the  cantilever 
portion.  On  this  latter  portion  the  maximum  vertical  shearing  stress  equals  the  wheel  lift 
R;  the  maximum  moment  is  Rl  if  /  be  the  distance  from  the  lift  R  to  the  down  pressure  of  the 
strut  pair.    From  the  shear  and  moment  the  factors  of  safety  are  found  as  usual. 

The  live  load  on  the  bottom  of  the  undercarriage  is  treated  in  quite  the  same  manner  as 
that  on  the  tail  skid  by  the  equations  of  figure  3 1 . 

Wb.en  an  airplane  skids  on  the  ground  or  rests  with  one  wheel  low,  the  ground  reaction 
on  one  wheel  can  be  resolved  into  two  rectangular  components,  one  parallel  the  other  per- 
pendicular to  the  axis.  The  parallel  component  F,  say,  exerts  on  the  axle  a  bending  moment, 
M=  FR,  where  R  is  the  radius  of  the  wheel.  If  IF  be  the  weight,  a  the  angle  of  cant,  F=\/2 
\V  sin  a.    The  ensuing  moment,  M=  1/2  WR  sin  a,  may  be  quite  formidable. 

Example  6. — From  the  data  of  figure  29  compute  the  normal  load  at  the  wheels  of  the 
undercarriage;  also  the  stresses  in  the  undercarriage  struts  and  stays  and  their  factors  of  safety. 
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Example  7. — Find  the  stresses  in  the  undercarriage  trussing  of  the  seaplane  in  figure  .'50 
duo  to  a  lift  of  600  pounds  applied  at  a  point  one-third  the  distance  from  the  front  to  the  rear 
strut  attachments. 

Example  8. — An  airplane  weighing  .5,000  pounds,  with  wheels  2  feet  in  diameter  and  6  feet 
apart,  rests  with  one  wheel  10  inches  lower  than  the  other.  Find  the  added  bending  moment 
on  the  axle,  assuming  each  wheel  to  hear  half  the  entire  weight. 

24.  FUSELAGE  LOADS  AND  STRESSES. 

The  fuselage  may  sustain  gravitational,  aerodynamic,  and  impact  or  acceleration  loads. 
The  ensuing  stresses  at  each  point  of  the  structure  are  separately  computed,  then  combined  to  de- 
termine the  resultant  stress  there.  A  twofold  analysis  is  usually  made,  (a)  for  flying  conditions, 
(b)  for  landing  or  static  conditions.  In  both  cases  the  analysis  may  be  made  either  for  the 
fuselage  as  a  unit  or  separately  for  the  rear  segment,  the  front  segment,  and  the  center  segment. 

(a)  Fuselage  loads  and  stresses  for  flying  conditions. — If  the  loads  exert  no  torque  on  the 
fuselage,  then  for  a  typical  rear  segment,  figure  32  presents  the  analytical  treatment,  figure 
42  the  graphical.  In  practical  computation  the  weights  of  the  struts,  stays,  and  longeron  panels 
are  regarded  as  all  concentrated  on  the  upper  pins,  rather  than  as  part  on  the  upper,  part  on  the 
lower  pins.  The  air  force  on  the  side  of  the  segment  is  comparatively  negligible;  that  on  the 
stern,  due  to  the  tail  unit,  is  given  in  paragraph  2  of  this  part. 

The  gravitational  stresses  in  tho,  front  segment  are  found  similar!}*  to  those  treated  in  (a); 
the  power  stresses,  due  to  propeller  thrust  and  torque,  engine  vibration,  etc.,  may  be  esti- 
mated separately,  then  combined  with  the  former.  The  aerodynamic,  forces  on  the  bow  arc 
usually  negligible. 

The  stresses  in  the  center  segment  oi  the  fuselage,  due  to  tho  gravitational  and  aerodynamic 
loadings,  may  be  found  separately,  then  combined  with  those  due  to  the  action  of  the  attached 
members;  i.  e.,  wings,  undercarriage,  and  front  and  rear  fuselage  segments. 

When  the  applied  loads  exert  a  torque  on  the  fuselage,  endwise  stresses  ensuing  from  the 
latter  arc  computed  by  the  formulas  of  figures  33  and  34  for  twisted  trusses.  For  example, 
if  the  rudder  force  PA  is  distant  /  from  any  axis  of  the  fuselage,  it  may  be  replaced  by  a  force 
PA  and  a  couple  PAI,  both  applied  at  said  axis,  the  force  generating  one  set  of  stresses,  the 
couple  another,  and  each  set  separately  computable'  by  one  or  the  other  of  the  above  formulas. 

(b)  Fuselage  loads  and  stresses  for  landing  or  static  conditions. — For  static  conditions  the 
loads  inside  the  fuselage  are  the  same  as  those  for  (light.  The  external  applied  loads  are  the 
wing  weights,  the  reactions  of  the  tail  s!  id  and  undercarriage.  The  stresses  are  found  as 
shown  in  figures  32  and  42. 

For  kinetic  conditions  the  applied  loads  on  each  part  are  computed  as  explained  in  figure 
31.    The  stresses  are  then  found  as  explained  in  the  preceding  paragraph. 

Example  9. — Find  the  stresses  in  the  struts,  stays,  and  longerons  of  the  rear  segment  of 
the  fuselage  due  to  a  uniform  pressure  of  20  pounds  per  square  foot  upon  the  horizontal  tail- 
pieces; also  those  due  to  gravitational  loads  alone. 

Example  10. — Find  the  stresses  in  the  struts,  stays,  and  longerons  of  the  vertical  trussing 
of  the  front  segment  of  the  fuselage  shown  in  figure  35,  due  to  gravitational  loads. 

Example  11. — From  the  data  in  the  problems  above  find  the  stresses  and  factors  of  safety 
for  the  principal  members  of  the  fuselage  for  a  steady,  circular  flight  around  a  level  curve  of 
200  feet  radius  at  SO  miles  per  hour. 

Example  12. — Find  the  stresses  in  the  rear  segment  of  the  fuselage  due  to  the  torsional 
loads  in  example  3. 

25.  GROUPING  OF  BODY  ANALYSIS  DATA  AND  COMPUTED  VALUES. 

Figures  35  and  36  show  synoptieally  for  a  typical  airplane  body  the  graphical  analysis 
and  the  numerical  results  for  both  fixing  and  static  conditions.  Such  detail  calculations  as 
do  not  appear  in  this  diagram  are  given  hi  the  solutions  of  the  individual  problems  of  this  part 
of  the  text. 
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PROBLEMS  IN  AIRPLANE  STRESS  ANALYSIS. 

By  L.  H.  Crook. 


PROBLEMS  IN  PART  L 
Stresses  in  Materials. 

I'Mmple  /.' — If  an  accelerometer  fixed  to  an  airplane  records  a  maximum  vertical  accelera- 
tion of  IS  feet  per  second  per  second,  what  is  the  ratio  of  the  abnormal  to  the  normal  loading? 
Given  #  =  32  feet  per  second  per  second,  7  =  48  feet  per  second  per  second. 
Then  bv  section  4 

r  =  jjg  =  48/32  =  1 .5  (ratio) .  Ans. 

Example  2. — An  airplane  in  landing  lias  a  vertical  velocity  of  10  feet  per  second  and  a 
uniform  cushion  yield  of  (i  inches.    Find  the  ratio  of  the  abnormal  to  the  normal  stresses  in 
the  landing  gear,  assuming  the  machine  to  be  a  rigid  structure, 
(liven  V=  10  feet  per  second. 
Then  by  section  4 

Velocity  "head"  h  =  &/2g 

=  (10)2/2(32)  =  1.5(5  feet. 

By  equation  1 

r=l+h/d 
=  1 +1.56/0.5  =  4.12  (ratio).  Ans. 

l-'.jinn j>lt  .;.  Kind  the  longitudinal  shearing  stress  in  a  1-inch  square  beam,  given  the  total 
vertical  shear  as  1,400  pounds,  first  with  diagonal  vertical,  then  with  it  inclined  45°. 

[.  DIAGONAL  VERTICAL. 

Shear  at  neutral  axis. 

Given       a  =8  sq.  ins. ;  V=  1 ,400  lbs. ;  7  =  21 .33  ins.1 
c  =  0.942  ins. 

By  formula,  5 

S=ac  VII  t 
=  8  (0.942 )  1 400/2 1 .33  (5.656) 
=  87.5  lbs.  per  sq.  in.  Ans. 

Shear  at  1/4  It.2 

Given       a  =4.5  sq.  ins. ;  F=  1,400 lbs.;  7=21.33  ins.' 

c=  1.414  ins.  t  =  4.242  ins. 

S  =  ac  VI It 
=  4.5(1.414)1400/21.33(4.242) 
=  98.3  lbs.  per  sq.  in.  Ans.3 

Shear  at  1/2  h. 

Given       «  =  2  sq.  ins.;   F=  1,400  lbs-.;  7  =  21.33  ins.4 
c  =  1.885  ins.  <  =  2.828  ins. 

■S=ac  VI It 

=  2  (1.885)1400/21.33(2.828) 
=  87.5  lbs.  per  sq.  ins. 

•  Unless  otherwise  stated,  all  quantities  arc  expressed  in  foot,  pound,  second,  gravitational  units. 
2  Distance  from  neutral  axis  to  outermost  (ibor. 
J  Xoto  ttiat  maximum  shear  is  not  at  neutral  axis. 
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Shear  at  3/4  It.  » 

a  =0.50sq.  ins.;  7- 1,400 lbs.;  7=21.33 ins.4 
G— 2.357  ins.  t=  1.414  ins. 

S=ac  VI It 
=  0.50(2.357)  (1400)/21. 33(1. 414) 
=  54.7  lbs.  per  sq.  in.  Ans. 

Shear  at  outermost  liber. 

Since  a  =  o,  t  =  o,  then  S  =  o.  Ans. 

II.  DIAGONAL  INCLINED  ■15°. 

Shear  at  neutral  axis. 

Given  a  =  8sq.  ins.;  F=l,400  lbs.;  7  =  21.33  ins.1 
c  =  1  in.  t  =  4  ins. 

<S=ac 
=  8  (1,400)/21.33(4) 
=  131.2  lbs.  per  sq.  in.  Ans. 

Shear  at  1/4  h. 

Given  a  =  6  sq.  in.;   1'=  1,400  lbs. ;  7  =  21.33  ins.' 
c  =  1 .25  ins.  t  =  4  ins. 

S=ac  V/I  t. 
=  6  (1.25)  1,400/21.33(4) 
=  123.1  lbs.  per  sq.  in.  Ans. 

Shear  at  1/2  h. 

Given  a  =  4sq.  ins.;  1'=  1,400  lbs.;  7  =  21.33  ins.' 
c  =  1 .50  ins. ;  t  =  4  ins. 

S  =  ac  VII  t 
=  4  (1.50)  1,400/21.33(4) 
=98.4  lbs.  per  sq.  in.  Ans. 

Shear  at  3/4  h. 

a  =  2sq.ins.;  F=l,400  lbs.;  7  =  21.33  ins.4 
e  =  1 .75  ins.  t  =  4  ins. 

S  =  ac  V/I  t 
=  2  (1.75)  (1,400)/21.33(4) 
=  57.4  lbs.  per  sq.  in.  Ans. 

hear  at  outermost  fiber.    iS  =  o. 

'Example  — Find  the  resultant  unit  stress  in  a  2-inch  square  simple  beam,  SO  inches  long.; 
due  to  an  endwise  load  of  900  pounds,  a  maximum  bending  moment  of  1.100  inch-pounds  and  n 
maximum  deflection  of  0.05  inches  at  the  place  of  maximum  moment. 

Given,  Z  =  1 .33  ins.3 ;    <I  =  0.05  in. ;    E  =  1 ,500,000. 
7  =  1.33  ins.4;  yl  =  4  sq.  ins. 

Then  by  footnote,  section  7. 

7t  =  sec.  \  t/P/EI 

=  sec.  [40V9Wa,500,000r(r33)] 
=  sec.  [.845]  =  1.52. 

Then  by  formula  7  and  computed  value  of  R 

S  =  PlA+MlZ  +  KPdjZ 
=  900/4  +  1,100/1.33  +  1.52  (900)  (0.05)/1.33 
=  225  +  827  +  5 1  =  1 1 03  lbs.  per  sq.  in. 
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Example  o. — Find  the  unit  stress  in  a  pin-ended  column  1  inch  square  and  30  inches  long 
under  an  axial  load  of  200  pounds;  also  the  unit  stress  when  taking  the  eccentricity  of  the  load  as 
2  inches. 

Given  1  =  30  ins.;     /■  =  -y/I/A  =  0.288  in. ;  P  =  200  lbs. 
A  =  l  sq.  in.;  a  =  4/3 ,000 

Then  by  formula  !). 

S  =  [(l+a(l/ry]P/A 
=  [1  + (4/3,000)  (30/0.288)2]  200/1 
=  3,081  lbs.  per  sq.  in. 

Given  Z  =30  ins.;     r  =  0.288  (ins.);  c=l/2  m 

A  =  l  sq.  in.;  «  =  4/300  (constant) 
ZJ  =  200  lbs.;  p=*2ins. 

Then  by  formula  10. 

S  =  [l+a(l/ry  +  cp/r>)  P/A 
=  [1+3/4,000  (30/0.288)2 +  0.5(2)/0.2882J  200/1 
=  5,460  lbs.  per  sq.  in. 

Example  6. — A  beam  is  subject  to  a  compressive  unit  stress  of  200  pounds  per  square  inch, 
and  at  the  same  time  to  a  longitudinal  shearing  stress  of  250  pounds  per  square  inch.  Compute 
the  maximum  resultant  stresses. 

Given,  Sg  =  250  pounds  per  square  inch.    S  =  200  pounds  per  square  inch. 
Then  by  formulas  I  I  and  12 
Sp=V(Ss)2  +  (S/2)* 
=  V(250)2+(20d/2)2 
=   209  pounds  per  square  inch.  Ans. 
S„  =  V5/2±Sp 

=   200/2  +  269  =  309  pounds  per  square  inch.  Ans. 

Example  7. — If  a  member  whose  allowable  constant  stress  is  20,000  is  stressed  frequently 
to  15,000  and  has  an  elastic  limit  of  60,000,  what  is  the  equivalent  steady  stress? 

Given,  S  =  20,000  pounds  per  square  inch. 
n  =  l  (constant). 
m  =  1 5,000/60,000  =  1  /4  (ratio) . 

Then  by  equation  1 

S'=S(l+m)a 

=  20,000  (1  +1/4)1  1 
=  25,000  pounds  per  square  inch.  Ans. 

Example  S. — Find  the  maximum  load  for  a  pin-ended  spruce  column  of  length  60  inches, 
cross  section  3  square  inches,  and  moment  of  inertia  0.3  inch'. 

Given,  Z  =  60  inches;  Z/r  =  60/0.31  =  193  (slenderness  ratio). 

.4  =  3  square  inches;  E=  1,500,000  pounds  per  square  inch. 
7=0.3  inch.4 

Then  by  formula  15 

/,max  =  7T2  EI/P 

=  9.86  (1,500,000)  0.3/(60)2 
=  1,233  pounds.  Ans. 
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Example  9. — Find  the  factors  of  safety  in  example  fi  for  a  maximum  shearing  stress  of 
1 ,000  pounds  per  square  inch  and  a  maximum  compressive  stress  of  4,000  pounds  per  square 
inch;  also  the  factor  of  safety  in  example  8  for  an  applied  load  of  2.50  pounds. 
By  section  10, 

From  example  (i 

Compressive  stress  =  309  pounds  per  square  inch. 

Shearing  stress      =2(i9  pounds  per  square  inch. 
Then;  for  compression 

F.  S.  =  4,000/369  =  1 0.8.  Ans. 
For  shear 

F.  S.  =  \  ,000/209  =3.7.  Ans. 

From  example  8 

Maximum  load  carried  by  beam  =1,250  pounds. 
Then, 

F.  S.  =  \  ,250/250  =  5.    Ans . 

PROBLEMS  IN  PART  II. 
Airplane  Wing  Stresses. 

Example  l.x — A  rib  loaded  as  in  figure  39  has  the  dimensions  there  specified.  Kind  the 
unit  stresses  for  bending,  maximum  shearing,  and  average  vertical  shearing  just  outside  the 
spars  and  just  inside  the  spars;  also  the  unit  bending  stress  at  R  between  the  spars. 

SECTION  M. 

(a)  Consider  the  cap  strips  as  earn  ing  all  the  bending  stresses. 

Given  7=1.22  in.4;  Z  =  1.22/1.93  =  0.632  in.3 
#  =  4  lbs.;       Z  =  2in. 

Then  by  formula  (18) 

s=m;z 

=  4[2]/0.632  =  12.6  lbs.  per  sq.  in.  Ans. 

(b)  Consider  the  cap  strips  and  web  as  carrying  the  horizontal  shearing  stress. 

Given  7  =  2.01  in.';  c  =1.0  in.;  o  =  0.61 
t  =  0.25  in.;  F=4lbs. 

Then  by  formula  (5)  S  =  ac  V/It 

=  0.61(1)4/2.01(0.25)  =4.9  lbs.  per  sq.  in.  Ans. 

(c)  The  total  vertical  shear  at  this  section  is  not  distributed  as  shearing  stress  over  the 
web  section,  since  the  web  of  the  rib  ends  at  this  section.  The  total  vertical  shear,  however, 
is  carried  primarily  by  a  compressive  stress  on  (he  upper  surface  of  (he  tongue  that  projects 
into  the  spar.    The  compressive  stress  in  this  case  is 

S=V/A 

=  4/(.25x.50)=32lbs.  per  sq.  in.  Ans. 

SECTION  N. 

(a)  Consider  the  mid  ptirt  of  the  rib  as  a  simple  beam.2  The  bending  stress  at  section  N 
is  then  zero. 

(b)  Consider  the  cap  strips  and  web  as  carrying  the  horizontal  shearing  stresses. 

Given  7  =  2.36  in.4;  c  =  1.08  in.;  a  =  0.64sq.  in. 
*  =  0.25  F=  12.22  lbs. 


'  The  solutions  given  in  this  example  must  be  looked  upon  only  as  approximations.    Anaecuratc  theoretical  solution  must  take  into  account 
the  hollowed  web,  the  glued  strips,  strength  of  glued  surlaccs,  etc. 
-  Spar  being  free  to  twist. 
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Then  by  formula  (5) 
S  =  ac  VI  It  . 
=  0.64(1. OS)  12.22/2.36(0.25) 
=  7.76/0.59  =  13.1  lbs.  per  sq.  in.  Ans. 

(c)  Treat  the  total  shearing  force  as  in  (c)  of  section  M. 

SECTION  O. 

(a)  Consider  the  bending  stress  S  as  carried  by  the  actual  section. 

Given  7=2.84;  c  =  2.30;  a=  14.20;  6  =  19.80;  #  =  20.41 
Z  =  //c  =  2.84/2.30  =  1.23 

Then  by  formula  (19), 
S  =  R  ab/2(a  +  b)z 
=  20.41  (14.20) (19.80)/2(34) (1.23)  =69  lbs.  per  sq.  in.  Ans. 

(6)  Total  vertical  shear  and  also  the  horizontal  shearing  stresses  are  zero  at  this  section. 

SECTIONS  P  AND  Q. 

Treat  similarly  to  section  N  and  M,  respectively. 

Example  2. — An  aileron  bearing  a  uniform  pressure  of  20  pounds  per  square  foot  has  the 
dimensions  and  structural  form  shown  in  figure  38.  Find  the  moment  about  the  hinge  and  the 
stress  in  the  control  wire.  Kind  also  the  vertical  reactions  of  the  stay  wire  on  the  trailing 
edge  beam. 

(A)  TOTAL  LOAD  ON  AILERON. 

By  section  14  and  figure  38. 
Given  P  =  20  lbs.  per  sq.  ft.  (assumed  loading). 
A  =  area  of  aileron  surface  =20.7  sq.  ft. 

Then  total  load  =  P  A  ' 

=  20X20.7  =  414  lbs.  Ans. 

(B)  MOMENT  ABOUT  MINCiE. 

By  iigure  38.    Center  of  gravity  C  =  9.45"  from  hinge. 
M=  CPA  =  9.45(414)  =3,910  lbs.  in.  Ans. 

(C)  STRESS  IN  CONTROL  WIRE. 

By  figure  38,  given  arm  =  12.75;  moment  =  3,910 
Then  tension  =  3,910/12.75  =  307  lbs.  Ans. 

(D)  VERTICAL  REACTIONS  OF  TRAILING  EDO E  REAM. 

Total  load  distributed  along  trailing  edge  is  approximately  1/2  aileron  man. 
By  figures  38  and  13, 

2wZ  =  414/2  =  207  lbs.  and  running  load  =207/162  =  1.28  lbs.  per  linear  in. 
Given  Z  =  81  in. ;  h  =  70  in.;  a  =  11  in. 
W=  1.28  lbs.  per  in. 

By  formula  in  figure  13 — ■ 

Rt=wl  (4  P-V)/8  bl  •  . 

=  1.28  (81)  [4(81)2-70-]/8(70)  81 

=■48.8  pounds.  Ans. 
R3  =  2  (wl-RJ 

=  2  [1.28  (81) -48.8]  =  109.7  pounds.  Ans. 
#3  =  48.8  pounds.  Ans. 

Compare  these  answers  with  those  found  from  the  table  in  figure  13. 
The  vertical  reactions  are  then  as  follows: 
For  central  stay  =  1 09.7  pounds.  Ans. 

Outside  stays  (each)  =48.8  pounds.  Ans. 
The  tension  in  each  stay  wire  may  be  found  from  these  reactions.    See  example  10. 
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Example  3. — A  biplane  wing  has  the  form  and  loadings  show  n  in  figure  -11  :  find  the  resultant 
loadings  on  the  spars  and  their  components  in  the  planes  of  the  lift  and  drag  trussings  for  angles 
of  incidence  of  2°  and  12°. 

The  running  lift  L,  the  running  drag  I),  and  the  distances  to  their  points  of  application  (al) 
depend  upon  the  aerodynamic  characteristics  of  the  wing,  the  angle  of  incidence,  the  stagger,  the 
biplane  effect,  etc.  The  running  lift  L  and  weight  IV*  as  determined  for  any  given  wing  plane 
of  a  machine  are  constant  for  all  angles  of  incidence  in  straightaway  flight.  In  the  present 
example,  however,  L,  D,  W,  a,  and  b  are  given. 

I.  ANALYSIS  FOH  LOW  SPEED. 

(Incidence  12°.) 

(a)  Running  loads  on-upper  front  spar. 
Given  L  =  2.256  lbs./in       D  =  0.275  lb./in.      T7=0.313  lb./in. 

6  =  0.46 
b  Hr=0.144  lbs./in. 


0.67 

0.184  lb./in. 


a  =  0.67  a 
Then  aL  =  1 .5 1 1  lbs./in.  aD 
aL-b  W=  1.367  lbs./in. 
By  simple  graphics. 

w1  =  1 .389  lbs./in.    w2  =  0.100  lb./in.     w=  1.370  lbs./in. 

The  running  loads  on  lower  front  spar,  upper  rear  spar,  and  lower  rear  spar  are  similarly 
found.    Their  values  are  given  in  the  tabic  below. 

II.  ANALYSIS  KOR  HIOH  SPEED. 

(Incidence  2°.) 

(a)  Running  loads  on  upper  front  spar. 
Given  L  =  2.256       Z>  =  0. 14 1  H'=0.313. 

a  =  0.29         a  =  0.29  6  =  0.460. 

Then  ai  =  0.654       «Z?  =  0.041       b  W=  0.144  aL-bW=0.oW. 
By  graphics,  wi  =0.517       w2  =0.106       w>  =  0.510. 

The  running  loads  on  lower  front  spar,  upper  rear  spar,  and  lower  rear  spar  are  similarly 
found.    Their  values  are  given  in  the  table  below. 

Grouping  of  data  and  computations  for  running  loads  v\,  u>2,  w,  on  spars  for  low  and  high  speeds.' 

LOW  SPEED. 


Symbols. 

L 

D 

W 

a 

b 

aL 

aD 

611- 

aL-bW 

to 

Front  spars: 

2.256 

0.275 

0.313 

0.67 

0.40 

1.511 

0. 184 

0.  144 

1.367 

1.389 

0. 100 

1.370 

1.845 

.225 

.280 

.67 

.48 

1.236 

.151 

.131 

1. 105 

1.127 

.095 

L  112 

Ilcarspars: 

2. 250 

.275 

.313 

.33 

.54 

.744 

.091 

.169 

575 

.588 

.059 

.580 

1.845 

.225 

.286 

.33 

.54 

.609 

.074 

.154 

455 

.467 

.049 

.462 

HKi ii  sr.  h 


V 

Front  spars: 

Upper  

2.250 

0.141 

0.313 

0.29 

0.46 

0.654 

0.041 

0.144 

C.510 

0.517 

0. 106 

0.510 

1.845 

.116 

.286 

.29 

.46 

.535 

.033 

.132 

.403 

.408 

.084 

.403 

Rear  spars: 

2.256 

.  I  ll 

.313 

.71 

.54 

1.602 

.100 

.169 

1.433 

1.456 

.282 

1.436 

Lower  

1.845 

.116 

.285 

.71 

.54 

1.309 

.082 

.154 

1.155 

1.172 

.226 

1. 158 

i  This  method  of  grouping  of  data  and  computed  values  has  been  used;  first,  to  help  the  computer  in  dlsttngulshlllg  the  running  loads  and  their 
components  at  the  spars  (or  dilTcrcnt  speeds;  second,  as  a  method  of  grouping  of  data  and  computed  values  for  ready  reference.  The  table  1  clow 
gives  the  computed  values  only. 

Grouping  of  computed  values  of  running  loads  on  spars. 


Speed— Plane  o  — 

Low. 

High. 

Lift  trussing. 

Drag  trussing. 

Spar  web. 

Lift  trussing. 

Drag  trussing. 

Spar  web. 

Front. 

Rear. 

Front. 

Rear. 

Front. 

Rear. 

Front. 

Rear. 

1.456 
1.172 

Front. 

Rear. 

Front. 

0.510 
.403 

Rear. 

1.389 
1.127 

0.588 
.467 

0. 100 
.095 

0.059 
.049 

1.370 
1.112 

0.580 
.462 

0.517 
.408 

0.106 
.084 

0.282 
.226 

1.436 
1.158 
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Example  4- — Find  the  shears,  moments,  and  reactions  for  the  upper  and  lower  front  spars 
of  the  biplane  trussing  shown  in  figure  40,  due  to  the  uniform  running  loads  found  in  example 
3;  also  the  reactions  of  the  spars  in  the  planes  of  the  lift  and  drag  trussing  and  the  shears  and 
moments  on  each  spar  in  the  plane  of  the  spar  web. 

I.  SHEAHS.  MOMENTS.  REACTIONS  FOR  THE  FRONT  SPARS  DUE  TO  Rl'NNINtJ  LOADS  IN   PLANE   OF  FRONT  STRUTS 

(LOW  SPEED). 

1.  Upper  wing  spar. — The  upper  wing  spar  is  considered  as  a  continuous  beam  supported 
at  four  points  and  having  one  overhanging  end. 


Given  .A  =  5  =  C=  Z>  =  1 .389  1  lbs./ins. 

a  =  30  ins.;  6  =  50  ins.;  c  =  84  ins.;  <Z  =  79  ins. 
Then  by  the  formulas  of  figure  15. 

Auxiliary  Symbols. 

J=1.389[(50)3+(84)3]/4-1.389(30)250/2    2  217, 970.  21 

ro=1.389[(84)3+(79)3]/4   377, 024.  20 

A=2(50+84)  ,   268.00 

1=2(844-79)   326.00 

Joint  Bending  Moments. 

Jtfi=1.389(30)2/2   625.05 

M2=[217970.21(326)-377024.20(84)]/268(326)-(84)2   490.  44 

jtfj=[217970.21-490.44(268)]/84   1,030. 14 

3f4=0   0.00 

Shear,  Right  of  Pin. 

F,  =  (490.44  -  625.05)/50-1.389(50)/2   -37.  41 

P"2=(1030.14  -  490.44)/84=1.389(84)/2   -51.  91 

K,=(0-1030.14)/79-1.389(79)/2  ..   -67.  89 

Shear,  Left  of  Pin. 

(7,=30(1.389)   41.67 

t7a=  -37.41+1.389(50)  '   32.04 

tr,= -51.  91+1.389(84)   64.76 

Ut=  -67.  89+1.389(79)   41.84 

Pin  Reactions. 

fl,=41.67+37.41   79.08 

7?a=32.04+51.91   83.95 

«3=64.  76+67.89   132.65 

J?4=41.84+0  j   41.84 

Position  of  Maximum  Moments. 

£,=37.41/1.389  [  I   26.93 

z2=51.91/1.389  L   37.37 

a;3=67.89/1.389  L   48.87 

Maximum  Moments  Between  Joints. 

Jtf',=625.05-(37.41)2/2(1.389)  .*   +121.  27 

jtf'2=490.44-(51.91)-72(1.389)  '.   -479.  55 

A/'3=1030.14-(67.89)2/2(1.389)   -628. 98 


2.  Lower  wing  spar.—- The  lower  wing  spar  is  considered  as  a  continuous  beam  supported 
at  three  points  and  having  one  overhanging  end. 

Given  A  =  B=*  C=  1.127  3  lbs.  per  in.;  a  =  27  ins.;  6  =  84  ins.;  c  =  79  ins. 

Then  by  formulas  of  figure  14. 


'  The  running  load  may  lie  taken  as  unity.  In  the  present  problem  it  is  the  hmning  load  in  plane  of  front  lift  trussing  for  low  speed.  (Sec 
problem  3,  Pt.  II.) 

'All  calculations  were  carried  not  two  dc<  inial  places  to  insure  accuracy  primarily  for  comparing  other  methods  of  calculation,  as  slide  ride, 
graphical, etc.   (See example 7,  Pt-  II.  and  fi".  '.8  ) 

«  RunniiJKload  on  lower  spar  in  plane  of  front  lift  trussing  for  low  speed.   (See  example  3,  Pt.  II.) 
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Auxiliary  Symbols. 

J=1.127[(843+793)/4]-1.127(27)-84/2   271, 401.  60 

/i=2(84+79)   32C.00 

Joint  Bending  Moment. 

#,=1.127  (27)2/2   410.79 

Jf2=2714O1.60/326   832.52 

Shears,  Right  of  Section. 

F,=(832.52  -410.79)/84-1.127(84)/2   -42. 31 

K2=(0-832.52)/79-1.127(79)/2   -55.  04 

Shears,  Left  of  Section. 

{7,=27(1.127)   30.42 

D"2= -42.32+1. 127(84)   52.35 

U3=  -55.04+89.03   33.99 

Pin  Reactions. 

#,=30.42+42.31  '   72.73 

#2=52.35+55.04   107.39 

#3=33.99+0   33.99 

Position  of  Maximum  Moments  Between  Joints. 

«,=42.  31/1.127   37.54 

z,=55. 04/1.127    48.83 

Maximum  Moments  Between  Joints. 

Jtf',=410.79-(42.31)2/2(1.127)   -383.41 

.W/,=S32.52-(55.04)a/2(1.127)   -511.49 


II.  REACTIONS  OF  SPARS  IN  PLANES  OF  LIFT  AND  DRAG  TRUSSING  FOR  HIGH  AND  LOW  SPEEDS. 

The  reactions  in  the  planes  of  the  lift  and  drag  trussings  for  front  and  rear  spars  at  high 
and  low  speeds  may  be  found  from  the  known  reactions  on  the  front  upper  and  lower  spars, 
by  multiplying  by  the  ratio  of  the  running  loads.1  Tn  the  table  below  the  ratios  of  the  running 
loads  are  given,  as  well  as  the  running  loads. 


Data  and  computed  values  for  react  ions. 


Low. 

High. 

Lift. 

Drag. 

Lilt. 

Drag 

Front. 

Rear. 

Front. 

Rear. 

Front. 

Rear. 

Front. 

Rear 

Running  load  on  upper  spars  

Ratio  of  loads  

R,.. 
li,.. 
R... 
II... 

li,.. 

RS.. 

1.389 
1 

79.08 
83.95 
132.05 
41. 84 

0.588 
'.  424 
'  33.52 
35.59 
56.24 
17. 74 

0.100 
.072 
'5.69 
6.04 
9.55 
3.01 

0.059 
.043 
>  3.40 
3.60 
5.70 
1.79 

0.517 
.373 
l  29. 49 
31.31 
49.47 
15.60 

1.456 
1.049 
'  82.95 
88.06 
139. 14 
43.89 

0.106 
.077 
>  6.08 

6.46 
10.21 

3.22 

0.282 
.204 
'  16. 13 
17. 12 

27.06 
8.53 

1.127 
1 

72.73 
107.  39 
33.99 

.469 
.416 
30.25 
14.  67 
14.  13 

.095 
.085 
6.18 

y.  12 

2.88 

.049 
.044 
3.20 
4.72 
1.49 

.408 
.363 
26.40 
38.98 
12.33 

1.172 
1.040 

75.63 
111.68 

35.34 

.084 
.075 
5. 45 
8.05 
2.54 

.  226 
.200 
11.54 
21.47 
6.79 

'  These  values  are  found  by  multiplying  the  column  on  extreme  left  by  the  ratio  of  loads. 


III.  MOMENTS  AND  SHEARS  IN  PLANE  OF  SPAR  WEB  AS  POUND  FROM  THOSE  IN  PLANE  OF  LIFT  TRUSSING  FOR  FRONT 

SPARS  ONLY. 

The  shears  and  moments  in  plane  of  spar  web  may  be  found  directly,  by  the  equations  of 
figures  14,  15,  10,  etc.;  using  a  running  load  in  the  plane  of  the  spar  web,  or  indirectly  by  ratio 
methods,  that  is,  by  ratio  from  a  known  analysis  for  unit  loading  or  a  r  uining  load  in  some 
other  plane.  The  table  below  gives  the  moments  and  shears  in  plane  of  spar  web  as  found 
from  tin isc  in  plane  of  lift  trussing  for  front  spars  only. 


i  This  is  true  only  for  similar  spar  lengths. 
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Data  and  computed  valuta  for  moments  and  shears. 
LOW  SPEED. 


Front  spar  

Upper. 

Lower. 

Plane  of  

Lift 
trussing. 

Spar  web. 

Lift 
trussing. 

Spar  web. 

Running  loads  

1.389 

1.370 

1.127 

1.112 

Ratio  of  loads  

1 

.9864 

1 

.9867 

Mi... 

625.05 

>  616. 54 

410. 79 

l  405.32 

Joint  bonding  moments  

M-... 
Mi... 

490.44 
1,030.  14 

4S3.  77 
1,010.13 

832. 52 
0 

821.44 
0 

Hi... 

0 

0 

M'i.  . 

+  121.27 

+  119.62 

-383.41 

-378. 8i 

-Maximum  moments  between  joints... 

M  'l  ■ 

-479.55 

-473.02 

-511.49 

-504.68 

M'i. . 

-628.98 

-620.42 

Of... 

41.67 

41.  10 

30. 42 

30.01 

Shears,  left  of  pins  

ft... 
V,... 

32.04 
64.70 

31.60 
63.87 

52.35 
33.99 

51.65 
33.63 

1,... 

41.84 

41.27 

V,... 

-37.41 

-36.90 

-42.31 

-41.74 

V,... 

-51. 91 

-51.20 

-55.04 

-54.30 

v.... 

-67.89 

-66.96 

'  Found  from  column  on  left  by  using  ratio  of  loads. 


IV.  MOMENTS  AND  SHEARS  IN  PLANE  OF  SPAR  WEB  FOR  ALL  SPARS  AT  HIGH  AND  LOW  SPEED,  AS  FOUND  FROM  DATA 

IN  TABLE  III. 

Moments  and  shears  for  spars. 

UPPER  SPARS. 


Low. 

High. 

Front. 

Rear. 

Front. 

•Rear. 

1.370 

0.5S0 

0.510 

1.436 

1 

.424 

.373 

1.048 

[Mi.. 

616.54 

'  261.41 

i  242. 30 

'  626. 13 

Joint-bending  moments  

Mj.. 
Ma. . 

483.77 
1,016.13 

205.11 
430.83 

190.  12 
399. 33 

500.99 
1,064.90 

M... 

0 

0 

0 

0 

Mi .  - 

+  119.62 

+50.71 

+47.07 

+  125.  30 

Maximum  moments  between  joints  

Ml.. 

-473.02 

-200.56 

-185.89 

-495.  72 

M,.. 

-620.  42 

-263.05 

-243. 82 

-650.20 

41.10 

17.42 

Hi.  15 

43. 07 

a.. 

U|- 

31. 60 
63.87 

13.39 
27.08 

12. 11 
25. 10 

33.11 
60.93 

IV. 

41.27 

17.49 

10.21 

43.25 

Vi.. 

-36.90 

-15.64 

-14.50 

-38.67 

v».. 

-51.20 

-21. 70 

-20.12 

-53. 65 

v,.. 

-66.96 

-28.39 

-20.31 

-70.17 

'  Found  from  column  on  left  by  using  rat  io  of  loads. 


LOWER  SPARS. 


Low. 

High. 

Front. 

Rear. 

Front. 

Rear. 

1.112 

0.  402 

0. 403 

1. 158 

1 

.416 

.363 

1.042 

Mi-. 

105.  3? 

168.  01 

147.  13 

422.  34 

M... 

821.44 

341.71 

121. 04 

S55.  94 

Mi.. 

0 

0 

0 

0 

Maximum  moments  between  joints  

Mi.. 
M5.. 

-378.  31 

-504.68 

-157.37 
-209.94 

-57. 12 
-70.20 

-394. 19 
-525.87 

U,.. 

.'10.  01 

12.  48 

4.53 

31.27 

oi.. 

51.  Of, 

21.48 

7.79 

53. 81 

u... 

33.63 

12.99 

5.07 

35. 04 

v,.. 

lV... 

-41.74 
-54.30 

-17.36 
-22.58 

-6.  30 
-8.19 

-43. 49 
-56.58 

A  close  examination  of  the  foregoing  results  will  show  that  the  greatest  stresses  occur  in 
the  front  spars  for  low  speed  and  the  rear  spars  for  high  speeds. 

Example.  5. — Find  and  plot  the  resultant  moment  due  to  the  uniform  Loading  and  the 
eccentric  stay  wire  attachments  shown  in  figure  18. 
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I.  GENERAL  DATA. 

6  =  50  in.;.  #,  =  0;       P  =  0 
c  =  84in.;  A',  =  0.023;  Q  =  228 
^  =  70  in.;  A'3  =  0.025;  ff-460 

II.  COMPUTATIONS. 

Consider  the  vertical  components  of  the  stay  forces  as  concent  rated  loads  on  the  con- 
tinuous heam  and  apply  the  theorum  of  Bresse  as  given  in  figure  1 1  and  explained  in  figure  12. 

Application  of  Theorems  to  Spans  (b)  and  (c). 

Mfi  +  2M2(b  +  c)  +  M3c  =  - Pb2(Kt -  A?) - Q<?{2 K2 - 3 K22  +  Kf) 
0  +  2  .l/2(50  +  84)  +  84  M3  =  0  -  228  (84)2  (0.04628) 
.-.  268  M2  +  84MS  =  -74,453.78 

Application  of  Theorems  to  Spans  (c)  ^nd  (d). 

.U.,c  +  2  M3(c  +  d)  +  M,d  =  -  Q#{K,  -  IQ)  -  lid- (2  K3  -  3  A?  +  h'33) 
84  M2  +  2  M3(S4  +  79)  +  o  =  -  228(84)2 (0.024)  -  460(79)2  (0.04812) 
.-.  84  M,  +  326  M3  =  -  176,756.21  • 

By  elimination 

Mt  =  0;  M2=-U7;  J/3=-512;  J/4  =  0 

SHEARS  AT  RIGHT  OF  PINS. 

vl  =  (^f2- AQ/b+Pd-K,) 

=  (-'ll7  +  o)/50  +  0=  -2.34. 
V2  =  (M3-M2)/c  +  Q(\-K2) 

=  (-512+ 117)/84 +  228(1 -0.024)  =  +217.83. 
Pi-(jr,-  M3)/d  +  R(l-K3)  ' 

=  (o  +  512)/79  +  460(1  -  0.025)  =  +  454.98. 

SHEARS  AT  LEFT  OF  PINS. 

f7,  =  o. 
U3=V-P 

=  _2.34-o=  -2.34. 

U3=V2-Q 

=  +217.83-228=  -10.17. 

U<=V3-R 

=  454.98-460=  -5.02. 

PIN  REACTIONS. 

A\  =  Vt-  Z7, 

=  -2.34-0=  -2.34. 
R2=V2-U2 

=  +217.83  +  2.34=  +220.17. 

#  a  =  V*  -  V, 

=  +454.98+  10.17=  +465.15. 

R.=  V,-Vt 

=  +  o  +  5.02=  +5.02. 


Check. 


A,  +  R2  +  R3  +  R,  =  688. 
P  +Q  +R  =688. 

MOMENTS  AT  POSITIONS  OF  LOADS. 

M'2=  M,+  V2X 

=  -117  +  217.83(2)  =  +318.66. 
M'S=M3+V3x 

=  -512  +  454.98(2)  =  +397.96. 
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III.  CiRAPHICAL  RESULTS. 

Figure  IS  shows  separately  the  moment  curve  for  the  uniformly  loaded  beam,  that  for  the 
eccentric  stay  wires,  and  their  resultant. 

Example  6. — Complete  the  deflections  in  plane  of  spar  web  for  all  panels  of  the  biplane 
trussing  of  figure  40,  using  t ho  results  of  Table  IV,  example  4. 

I.  I'PPER  SPARS. 

(1)  Data  table  for  use  in  computing  deflections  on  front  upper  spar.  (Sec  Tabic  IV, 
example  4,  and  formula  for  deflection  in  fig.  14.) 


b. 

C. 

* 

017 

484 

1,017 

-37 

-52 

-U7 

27 

38 

49 

SO 

84 

79 

1.370 

1.370 

1.370 

2. 82 

2. 82 

2.82 

1,880,000 

1,8SO',000 

1,880,000 

(2)  Computations. 

The  general  formula  for  deflection,  figure  14,  is 

d  ( =  y)  =  -  x[\ 2  M(l  -  x)  +  4  V  (P  -  x2)  +  w(l3-  z3)]/24  EL 

(a)  Computation  for  span  b: 

(Z-x)=23    {P-x2)  =  1,771     (l3-x3)  =  105,317. 
(/=  -27  [12(617)(23)-4(37)(1,771)  +  1.37(105,317)]/24(1,880,000)(2.82)=  -0.0111. • 

(b)  Computations  for  span  c: 

(Z  — x)  =46    {P-x2)  =5,612    (P-x3)  =  537,832. 
d  =  - 38[12 (484)46  - 4 (52)5,61 2  +  1 .37 (537,832) ]/l 27,283,400  =  0.048  inches. 

(c)  Computations  for  span  d: 

(Z-x)=30    {P-x2)  =3,840    (P-x3)  =375,390. 
d  =  - 49[1 2(1 ,01 7)30 - 4 (67)3,840  +  1 .37(375,390)]/! 27,238,400  =  0.057  inches. 

(3)  Computation  2  table  for  deflections  in  upper  spars  at  high  and  low  speeds  as  found 
from  upper  front  spar  at  low  speed. 

UPPER  SPARS. 


High. 

Low. 

Spars  

Front. 

Rear. 

Front. 

Rear. 

1 
1 
1 

.011 
.048 
.057 

0.  424 

1.  215 
.515 

«.005 
.024 
.029 

0.373 
1 

.373 
«.0O4 
.017 
.021 

LM8 
1.215 
1. 273 
<.  014 
.001 
.072 

Ratio  of  moments  of  inertia s  

if,.. 

Spans  jc.. 

1  Dollections  usually  turn  out  +;  this  is  an  excoption. 

'  All  deflections  in  the  upper  spars,  assuminir  all  upper  spars  to  have  the  same  spans,  may  l>c  found  from  those  computed  for  the  front  spar  for 
a  Riven  speed  and  loading  by  a  simple  ratio.  This  ratio  is  directly  dependent  upon  the  ratio  of  tho  running  loads  and  the  inverse  ratio  of  the 
moments  of  inertia,  i.  e.,  their  product.  . 

3  Inverse  ratio  of  moments  of  inertia. 

•  Found  from  values  In  first  column  by  using  ratio  figure  directly  above. 
153215—  S.  Doc.  160,  00-2  57 
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(1)  Data  tabic  for  use  in  computing  deflections  on  front  lower  spar: 

LOWER  SPARS. 


Span.. 


Joint-bending  moments  ( .V)  

Shears,  right  ot  pin  (t>)  ."  

Distance  to  maximum  moment  (x). 

length  of  span  (J)  

Running  load  (w)  

Moments  of  inertia  (/)  

Modulus  of  elasticity  ( E)  


400 
-42 
38 
84 
1.112 
2.82 
1,880,000 


822 
-55 
49 
79 
1.112 
2.82 
1,880,000 


(2)  Computations. 

The  general  formula  for  deflection  is 

d(  =  y)  =  -  x[l  2  M (I  -  x)  +  4  V(l2  -  x2)  +w(V>-  x3)  j724.E7 

(a)  Computation  for  span  c: 

(Z-x)=46;  (l2-x2)  =5,612;  (Z'-z3)  =537,832 

d  =  - 38[1 2 (406)46 -  4(42)5,61 2 4-1.1 1 2(537,832)]/] 27,238,400  =  0.036  inch 

(b)  Computations  for  span  d: 

d=  -49[1 2(822)30 -4(55)3,840+  1.1 12(375,390)]/127,238,400  =  0.051  inch 

(3)  Computation  table  for  deflections  in  lower  spars  at  high  and  low  speeds  as  found 
from  lower  front  spar  at  low  speed. 

LOWER  SPARS. 


Speeds  

High. 

Low. 

Front. 

Rear. 

Front. 

Rear. 

1 
1 

.036 
.051 

0.416 
1.215 
.505 
.01S 
.025 

0. 363 
1 

•  .363 
.013 
.018 

1.042 
1.215 
1.206 
.045 
.064 

Spans  

Example  7. — Find  the  concentrated  loads  on  the  lift  trussing  of  example  4,  given  the  weight 
of  the  struts,  stays,  cabanes,  etc. 

I.  PIN  REACTION  MKTHOD. 

Computation  table  for  concentrated  loads  on  upper  and  lower  pin  joints  as  found  in  tables 
for  spar  reactions  of  example  4  and  the  given  weights  of  attached  struts,  stays,  wires,  etc. 
(G',  II',  I';  G,  H,  I)  are  symbols  for  concentrated  loads  in  figure  22. 

FRONT  UPPER  PIN  JOINTS. 


Concentrated  load  symbol  (fig.  22). 

Beam 
react  inns 
in  plane 

of  lift 
trussing. 

Weights 
:il  pin 
Joints. 

Net  load. 

Practical 
working 
load.' 

<;•  

79.08 
132.65 

0.55 
4. 17 
4.22 

78.53 
79.78 
128.43 

79 
80 
129 

IP  r.  

r  

FRONT  LOWER  PIN  JOINTS. 

0 

72.73 
107.39 

0 

4.72 
4.77 

0 

68.01 
102. 62 

0 
69 
103 

I  

REAR  UPPER  PIN  JOINTS. 

o'  ..r.'i^.i 

82.95 
ss.  oi ; 
139. 14 

0.  55   1        82. 40 
4.17  83.89 
4.22  134.92 

83 
84 
135 

REAR  LOWER  PIN  JOINTS. 

0 

75.63 
111.68 

0 

4.72 
4.77 

0 

70.91 
106.91 

0 
71 
107 

.  — , — _ 

s  application  in  problem  11. 
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II.  ZERO  SHKAR  METHOD. 

The  coaccntratod  loads  may  also  be  found  by  a  method  similar  to  that  used  for  the  drag 
trussing  in  figure  21  and  example  8;  i.  e.,  briefly,  by  multiplying  the  running  loads  by  the 
distance  between  zero  shears  and  subtracting  the  weights  of  struts  and  stays. 

Example  8. — Given  the  resistance  of  the  front  struts  and  stays  and  the  running  load, 
find  the  concentrated  loads  on  the  drag  trussing  of  example  4  by  the  zero  shear  method. 

(fl,)  Concentrated  loads  on  upper  front  spar: 

Given  4  =  #=0=Z)  =  0.100  lb.  per  in. 
z,=  26.93;  ^  =  37.37;  a;3  =  48.87 
a  =  30;  J  =  50;  c  =  84;  <Z  =  79. 

Then  by  formulas  of  figure  21, 

G  =  0.13  +  0. 100  (30)  +  0. 100  (26.93)  =  5.82  1 
77=0.36 +0.100(50-26.93) +0.100(37.37)  =6. 10 
7=0.53  +  0.100(84-  37).+  0.100(4S.87)  =  10.07. 

Q>)  Concentrated  loads  on  rear  upper  spar: 

Given  yl  =  B=  C =0.059  lb.  per  in. 
a,  b,  c,  xv  x2,  x3  as  above. 
G'  =  0.13  +  0.059  (30)  +  0.059  (26.93)  =  3.48 
H'  =  0.36  +  0.059  (50  -  26.93)  +  0.059(37.37)  =  3.92 
/'  =  0.53  +  0.059(84  -  37.37)  +  0.059(48.87)  =6.16. 

Example  9. — Given  the  resistance  of  the  strut  and  stays  at  high  and  low  speeds  ;  find  the 
concentrated  loads  on  the  drift  trUSSLUgS  for  both  speeds,  using  values  of  (lie  pin  reactions 
found  in  example  4. 

Coinpulation  table  for  concentrated  loads  on  upper  and  lower  drift  trussings  for  low  and  high  speeds. 

LOW  SPEED. 


Front  spar. 

Rear  spar. 

Load  symbol. 

Reaction. 

Resist- 
ance. 

Total. 

Load  symbol. 

Reaction. 

Resist- 
ance. 

Total. 

fG  

S.69 
6.04 

.00 
9.55 

.00 
6.18 

.00 
9.12 
'  .00 

0.13 
.41 
.00 
.58 
.00 
.41 
.00 
.58 
.00 

'  5.82 
6.45 
.00 
10.13 
.00 
6.59 
.00 
9.70 
.00 

O'  

3.40 
3.60 

.00 
5.70 

.00 
3.20 

.00 
4:72 

.00 

0, 13 
.41 
.00 
.58 
.00 
.41 
.00 
.58 
.00 

3.53 
4.01 

.00 
6.28 

.00 
3.61 

.00 
5.30 

.00 

H  

H'  

I  

r  

J  

j'  

K  

K'  

fG  

G'  

H  

H'  

I  

J  

I'  

J'  

llliill  SCKKD. 


Upper  drag  trussing. 
Lower  drag  trussing. 


6.08 

0.37 

6.45 

O'. 

6.46 

1.18 

7.64 

11' 

.00 

.00 

.00 

!' 

10.21 

1.68 

11.89 

J' 

.00 

.00 

.00 

5.45 

1.18. 

6.63 

1 

.00 

.00 

.00 

8.05 

1.68 

9.73 

I' 

.00 

.00 

.00 

K' 

16.13 

0.37 

16.50 

17.12 

1.18 

18.30 

.00 

.00 

.00 

27.06 

1.68 

28.74 

.00 

.00 

.00 

14.54 

1.18 

15.72 

.00 

.00 

.00 

21.47 

1.68 

23.15 

.00 

.00 

.00 

'  See  application  in  example  12. 

•  Example  10. — An  aileron  bearing  a  uniform  pressure  of  20  pounds  per  square  foot  litis 
the  dimensions  and  structural  form  shown  in  figure  38.    Find  the  stresses  in  the  stay  wires. 

I.  BEAM  REACTIONS. 

The  rear  beam  of  the  aileron  is  considered  as  continuous  and  supported  by  the  stays  at 
three  points,  with  both  ends  overhanging.  The  vertical  reactions  of  these  stays  have  pre- 
viously been  found  in  example  2.    Reactions  as  found  in  example  2. 

#,  =  48.8  lbs.;  #,  =  109.7  lbs.;  #3  =  48.8  lbs. 


■  Compare  with  more  general  solution  in  example  9. 
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Q.  TENSIONS  IN  STAYS. 

The  tensions  in  the  three  stay  wires  are  found  from  the  reactions  above  and  the  dimen- 
sions given  in  figure  38.    By  the  formula  of  figure  24. 
(a)  For  center  stay: 

Given  r  =  22.72  ins.;  2=13.37  ins.:  Z  =  109.7. 

Then  by  figure  24, 

r2  =  «  =  Zr/2=109.7(22.72)/13.37  =  186  ihs. 
(6)  For  each  outer  stay: 
Given  r  =  61.78;  2=13.37;  Z  =  48.8. 
Then  hy  figure  24, 

yi=  72  =  7?  =  Zr/2  =  48.8(61.78)/13.37  =  225  lbs. 

Example  11. — Find  the  endwise  stresses  in  the  struts,  stays,  and  spars  of  the  front  lift 
trussing,  figure  40  for  low  speed  and  the  rear  lift  trussing  for  high  speed. 

I.  STRESSES  IN  FRONT  LIFT  TRUSSING  FOR  LOW  SPEED. 
I.  GENERAL  DATA.1 

G  =  0  G'  =  79         6  =  50  p  =  S0.3 

77  =  69         #'=80         c  =  84  2=104.9 

/=103         /'  =  129       <Z=79  r=100. 9 
^.  =  62.9 

2.  ANALYTICAL  SOLUTION. 

By  figure  22: 

Strut  Stresses. 

7>  =  0 

=o=o 

<2  =  0  +  0'  +  77 

=  0  +  79  +  69  =  148.00 
7?  =  0+0' +  77+ 77' +  7 

=  0  +  79  +  69  +  80  +  103  =  331.00 

Stay  Stresses. 

P'  =  p(.G+G')/h 

=  SO.  3  (0  +  79) /62.  9  =  100.  85 
Q'  =  9(0  +  0'  +  77+  fl')/h 

=  104.  9  (0  +  79  +  69  +  80)/62.  9  =  380.  24 
R'  =  r(0+ O'  +  77+  77'  +  7+  I')/h 

=  100.  9  (0  +  79  +  69  +  80  +  1 03  +  1 29) /62.  9  =  737.  90 

Spar  Stresses. 

r"  =  (G  +  G')b/h 

=  (0  +  79)  50/62.  9  =  62.  79 
Q"  =  (O+O')  (b  +  c)  +  c(77+  H')/h 

=  (0  +  79)  (50  +  84)  +  84  (69  +  80)  62.  9  =  367.  28 
7t,"  =  (0+0')  (b  +  c  +  d)  (c  +  d)  (77+77')+<7(7+7')/7i 

=  (0  +  79)  (50  +  84  +  79)  +  (S4  +  79)  (69  +  80)  +  79 
(103  +  129)  62.  9  =  945.  02 

A  second  method  may  he  used  to  find  the  same  values  by  using  only  the  equation  on  the 
right  of  figure  22. 


'  Sec  example  7. 
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Sfrul  Stresses. 

P  =  G  =  0.  00 
Q  =  P+G'  +  H 
=  0+79  +  69  =  148.  00 

n=Q+ir  +  i 

=  148  +  80+103  =  331.  00 
Factors. 

n,  =  (P  +  G)/h 

(0  +  79)/62.  9  =  '  1.  255 
n3=  (Q  +  H)/h 

(148  +  80)  62.  9  =  3.  624 
»3  =  (#+/)  lh 

(331  +  129)/62.  9  =  7.  313 

Stay  Stresses. 

P'-jn, 

=  80.  3(1.  255)  =  100.  77 
Q'=qn2 

=  104.  9  (3.  624)  =380.  15 
R'=m3 

=  100.  9(7.  313)  =737.  88 

Spar  Stresses. 

P"  =  6n, 

=  50  (1.254)  =62.  70 
Q"  =  P  +  cnt 

=  62.  70  +  84(3.  624)  =367.  11 
ll"  =  Q  +  dn3 

=  367.  1 1  +  79  (7.  3 1 3)  =  944.  83 

3.  GRAPHICAL  SOLUTION. 

The  graphical  solution  is  similar  to  that  shown  in  figure  27. 

II.  STRESSES  IN  REAR  LIFT  TRUSSING  FOR  HIGH  SPEED. 

GENERAL  DATA. 

6  =  0          C'=83         6  =  50  p  =  80.  3 

ff=71        7J'  =  84        c  =  84  .  g-104.9 

7=107-      7' =  135       (1  =  79  r=100. 9 
A  =  62.  9 

Solve  as  in  1  above.     Results  given  in  tahle  below. 

III.  REFERENCE  TABLE  FOR  STRESSES  IN  LIFT  TRUSSINGS  FOR  HIGH  AND  LOW  SPEEDS.  . 

LOW  SPEED. 


Symbol.  • 

•SI  rut 

stresses. 

Stay 
stresses. 

I'pper 
spar 
stresses. 

Lower 
spar 
stresses.* 

P  

0 
148 
331 

101 
381 
738 

63 
368 
946 

0 
63 
368 

Q  

R  

HIGH  SPEED. 


i  Carry  out  lliree  decimal  places. 


s  Found  from  stresses  in  upper  spar. 
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Example  12. 
of  example  9. 


-Find  the  stresses  in  the  drag  trussings  figure  40,  due  to  the  concentrated  loads 

I.  STRESSES  IN  UPPER  DRAG  TRUSSING  FOR  LOW  SPEED.' 
GENERAL  DATA. 


G'  =  3.53 
#'  =  4.01 
/'=  .00 
J'  =6.28 
K'=  .00 


.(?  =  5.82 
77  =  6.45 
/=  .00 
J  =  10.13 
A'=  .00 

fc  =  34 


6  =  50 
c  =  42 
d  =  42 
e  =  38.5 
/=38.5 


r- 

r  ■■ 
t 


«60.4 
54.0 
=  54.0 
=  51.3 
=  51.3 


II.  STRESSES  IN  LOWER  DRAG  TRUSSING  FOR  LOW  SPEED. 

GENERAL  DATA. 

(7=6.59  t?'  =  3.61  6  =  42  p  =  54 

//=  .00  //'=  .00  c  =  42  </  =  54 

/  =  9.70  /'  =  5.30  a!  =  38.5  r  =  51.3 

.7  =  .00  J'=  .00  e  =  38.5  s  =  51.3 

III.  STRESSES  IN  UPPER  TRUSSING  FOR  HIGH  SPEED. 

GENERAL  DATA. 


(7  = 

6.45 

<?'  = 

16.50 

6  =  50 

p  =  60.4 

11  = 

7.64 

//'  = 

18.30 

c  =  42 

7  =  54 

7  = 

.00 

/'  = 

.00 

<Z  =  42 

r  =  54 

./  = 

11.89 

J'  = 

28.74 

e  =  38.5 

s  =  51.3 

K  = 

.00 

Z'  = 

.00 

/  =  38.5 

<  =  51.3 

IV.  STRESSES  IN  LOWER  DRAG  TRUSSING  FOR  HIGH  SPEED. 

/  GENERAL  DATA. 

6?  =  6.63  G'  =  15.72  6  =  42  ;>  =  54 

H=  .00  H'=     .00  c  =  42    •  g  =  54 

7  =  9.73  7'  =  23.15  (7  =  38.5  r  =  51.3 

J=  .00  J'=    .00  e  =  38.5  s  =  51.3 

Reference  table  for  stresses  in  drug  trusses  for  low  mid  high  speed. 
STRESSES  ON  MEMBERS  OF  LOWER  DRAG  TRUSS. 


Symbol. 

Low  speed. 

High  speed. 

Struts. 

6.6 
10.2 
19.9  ' 

25.2 

Stays. 

Rear 
spar. 

Front 
spar. 

Struts. 

Slays. 

Rear 
spar. 

Front 
spar. 

P  

Q  

R  

S  

16.2 
16.2 
38.0 
38.0 

12.6 
25.2 
53.7 
82.2 

0 

12.6 
25.2 
53.7 

6.6 
22.4 
32. 1 
55.2 

35.5 
35.5 
83.3 
83.3 

27.6 
55.2 
117.7 
180.2 

0 

27.6 
55.2 
117.7 

STRESSES  ON  MEMBERS  OF  UPPER  DRAO  TRUSS. 

P  

Q  

R  

S  

T  

5.8 
15.8 
19.8 
29.9 
36.2 

16.6 
31.4 
31.4 
54.6 
54.6 

13.8 
38.2 
62.6 
103.6 
144.6 

0 

13.8 
38.2 
62.6 
103.6 

6.5 
30.0 
48.9 
60.8 
89.5 

40.8 
77.6 
77.6 
135.0 
135.0 

33.8 
94. 1 
154.5 
255.8 
357.1 

0 
33.8 
94.1 
154.5 
255.8 

Example  13. — Find  the  stresses  and  factors  of  safety  in  the  spars,  struts,  and  stays  shown 
in  figure  40  for  low  and  high  speeds,  respectively. 

1  Tho  solutions  for  this  example  are  similar  to  those  in  example  11.  The  arrangement  oidata  for  the  dltterent  cases  and  tabulated  results  are 
si  von  below. 
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1.  QENEBAL  DATA. 


Table  I  below  gives  the  principal  data,  stresses,  and  factors  of  safety  for  the  spars,  struts, 
and  stays.  All  other  data  required  in  the  solution  of  this  example  may  be  found  in  the  separate 
problems  or  in  the  diagrammatic  form  in  figure  28. 


Tabkb  I. 


Symbol.1 


Spars: 

A.  .. 

B.  .. 

C.  .. 

D.  .. 

E.  .. 

F.  .. 

•  a... 
11... 
1.... 
J... 


Stmts: 
K. 
I/.. 
M. 
N.. 


Cables: 
O.... 
P.... 
0_.... 

n.... 
s.... 

T.... 


Member. 


Material. 


Front  spar . .  Spruce . . 
do  do. 


...do  

...do  

...do  

Rear  spar. 

...do  

...do..... 

...do  

...do  


Front . . 

 do.. 

Rear.. . 
....do. 


Front. 

 do. 

 do. 

Rear... 

 do. 

....do. 


do... 
...do... 
...do... 
...do... 
...do... 
...do.. 
...do. 


Strength  o.0,inn 
area" 
sntmro  (so.uar0 
mch)  incncs> 


4,300 
4,300 
4,300 
13,000 
13,000 
4,300 
4,300 
4,300 
13,000 
do   13,000 


Strength, 
pound*. 
1,100 
2,800 
1,100 
2,800 


..do.. 
..do.. 
..do.. 
..do.. 


Steel. 
...do.. 
...do.. 
...do.. 

..do.. 

..do.. 


2.03 
2.63 
2.63 
2.63 
2.03 
3.26 
3.26 
3.26 
3.26 
3.20 


2.89 
4.87 
2.89 
4.87 


Number 
of  cables. 
4,200  2 
6,400  1  2 
6,400  2 
4,200  2 
6,400  2 
6,400  2 


Moment  Section 
of  modu- 
incrtia.  lus. 


2.82 
2.82 
2.82 
2.82 
2.82 
2.32 

•J. 32 

2.32 
2.32 
2.32 


.279 
.792 
.279 
.792 


Diame- 
ter. 

i 


Length, 
inches. 
6.29 
6.29 
6.29 


For  low  speed. 


Fiber  stress  (pounds 
per  square  inch). 


Mend- 
ing. 


±328 
±540 
±540 
±437 
±437 


Lift. 


24 
1  HI 
360 
-  24 
-140 


Load, 
pounds. 
148 
331 


101 

381 
738 


Drag. 


Factor 
of 

safety. 


0 

-15 
-24 
-  5 
-10 


21.2 
10.2 
6.8 
17.3 
14.9 


7.4 
8.4 


41.7 

16.8 
8.6 


For  high  speed. 


Fiber  stress  (pounds 
per  square  inch). 


Mend- 
ing. 


Lift. 


±539 
±918 
±91S 
±738 
±738 


20 
118 
303 
-  20 
-118 

Load, 
pounds. 


184 
345 


106 
397 
770 


Drag. 


Factor 

of 
safety. 


13.2 
0.4 
4.8 
10. 6 
10.(1 


7.1 
8.1 


39.6 
16. 1 
8.3 


Factors  of  safety  arc  given  for  points  ol  greatest  resultant  tensile  or  compressive  stress. 

2.  SOLUTION  FOR  SPARS. 


Tiiile  II. —  Values  of  the  bending  moments  (±),  the  tensions  (  — ),  and  compressions  (+)  on  each  spar  at  the  points  marked 

"X"  in  Jig.  28. 


FOR  LOW  SPEED. 


Symbol. 

Mending 
moment. 

Load  due 
to  lift 
truss. 

Load  due 
to  drag 
truss. 

A  

Inch- 
pounds. 
±  617 
±1,016 
±1,016 
±  822 
±  822 

Pounds. 
+  03 
+368 
+915 
-  63 
-368 

Pounds. 
0 

-38.2 
-62. 6 
-12.6 
-25.2 

B  

C  :  

D  

E  

FOR  HIGH  SPEED. 

F  

±  626 
±1,065 
±1,065 
±  888 
±  856 

66 
384  • 
987 
-  66 
-384 

33.8 
154.5 
255.8 

55.2 
117.7 

o  

1  Tho  values  above  may  be  found  in  examples  4, 11,  12,  or  in  figure  2S  in  diagrammatic  form. 
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Table  III. — Computations  for  resultant  fiber  stresses  for  low  speed.1 
LOW  SPEED  (COMPRESSIVE  STRESSES). 


Member. 

Bending  stress 
compression. 

Sb-  M/Z 

Equivalent  com- 
pressive stress  due 
to  bending. 
„0    4,300  „ 
-VS"- 7,900  Sb 

Compressive 
stress. 

Sc. 

Resultar.t  com- 
pressive stress. 

A  

I)  

C  

>S38 
540 

540 

178 
294 
294 

24 
125 

336 

202 
419 
63] 

LOW  SPEED  (TENSILE  STRESSES). 

Member. 

Rending  stress 
tension. 

Sb-  M/Z 

Equivalent  tensile 
stress  due  to 

bending. 
„  13,000 

Tensile  stress. 
St. 

Rcsuluinl  tensile 
stress. 

S*  S,  + 7,900°  Sb 

E  

-437 
-437 

-719 
-719 

-  29 
-150 

-748 
-80-9 

I  Spars  A,  B,  C,  D,  E  have  the  lowest  factors  of  safety  for  low  speed. 

•  An  additional  bending  stress  due  to  deflection  is  sometimes  added  to  this  stress. 


Example  for  member  A  in  table  above.    (See  Tables  I  and  II.) 
S„=  MfZ 

=  617/1.88  =  328  lbs.  per  sq.  in. 
Equivalent  compressive  stress  due  to  bending  (see  section  7  and  formula  8). 

-MSb  =  4,300(328)/7,900=  178  lbs.  per  sq.  in. 
Compressive  stress  Sc  is  the  resultant  compressive  stress  as  found  from  columns  two  and 
three,  Table  II,  and  cross-sectional  area,  Table  I. 

S'c  =  G3/2.f)3  =24  pounds  per  square  inch. 

Resultant  compressive  stress.    (Add  columns  2  and  3  above.) 

S=Sc  +  4,300(iSo)/7,900. 
=  24  +  178  =  202  pounds  per  square  inch. 

This  value  is  then  used  to  determine  the  factor  of  safety.  Compressive  Btrength  is  4..'i<M) 
pounds  per  square  inch. 

Factor  of  safety  =  4,300/202  =  2 1 .2. 


Table  IV. —  Computations  for  resultant  fiber  stresses  for  high  speed.1 
HIGH  SPEED  (COMPRESSIVE  STRESSES). 


Member. 

1  lending  stress 
compression, 
Sb-  .VIZ. 

Equivalent  com- 
pressive stress 
due  to  bending, 
»ro    *-m  ■ 
"S"~  77906  **■ 

Compressive 
stress, 
Sc- 

Resultant  com- 
pressive stress. 

4.:f(Hi 
S=Sc+7,'M05*' 

F.  

O  

B  

539 
918 
918 

294 
499 
499 

31 
166 

382 

325 
665 
881 

HIGH  SPEED  (TENSILE  STRESS). 

Member. 

Bending  stress 
tension, 
Sb-  MZ. 

Equivalent  tensile 
stress   due  to 
bending, 
„„    13,000  „ 
NS"-  7,900  *»' 

Compressive 
tensile  stress, 
St. 

Resultant  tensile 

sires-;. 
„    .     13,000  „ 
S~St+  77(iOO  Sb- 

/  ... 

J  

-378 
-738 

-1,214 
-1,214 

-  3 
-82 

-1,217 
-1,296 

'  Spars  F.  O,  II,  I,  J  have  usually  the  lowest  factors  of  safety  for  high  speed. 
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Example  for  member  I'm  table  above: 
Sb=M/Z. 

=  856/1.16  =  738  pounds  per  square  inch. 
Equivalent  tensile  stress  due  to  bending. 

NSb  =  13,000  S6/7,900. 

=  13,000(738)/7,900=  1,214  pounds  per  square  inch. 

Tensile  stress  St  is  the  resultant  tensile  stress  as  found  from  columns  2  and  3,  Table  111, 
and  cross-question  area  in  Table  I. 

Sc  =  —  1 0.8/3.26  =  —  3  pounds  per  square  inch. 

Resultant  tensile  stress  (add  columns  2  and  3). 

S=St  13,000  S6/7,900. 
=  -3-1,214=  —1,217  pounds  per  square  inch. 

This  value  of  stress  is  used  in  determining  the  factors  of  safety: 
Factor  of  safety  =  13,000/l,217  =  10.6.  Ans. 

.1.  SOLUTION  FOR  STRUTS. 

The  data  for  the  struts  with  the  resultant  loads  upon  them  are  given  in  Table  I.  The  value 
for  strength  of  struts  is  best  found  by  actual  test,  in  the  case  of  design  they  are  computed. 
In  the  table  above  it  is  the  actual  strength  by  test.  The  loading  is  taken  from  the  lift  truss 
diagram  in  figure  28  or  from  example  1 1.    The  factor  of  safety  is  found  in  the  usual  manner. 

4.  SOLUTIONS  FOR  CABLES  OR  STAYS. 

The  same  analysis  applies  to  cables  as  to  struts.  The  strength  of  the  cables  is  usually 
known  from  test-  made  by  the  manufacturer. 

Example  14- — Find  the  stresses  in  the  principal  members  of  the  wing  trussing  in  figure  40  due 
to  a  uniform  air  pressure  of  20  pounds  per  Square  foot  on  the  aileron  surface  in  figure  38. 

!.  GENERAL  DATA. 

(a)  Eccentric  load  =  414  pounds;  eccentricity  =  9.45+ 17. 

(b)  Torque  at  each  station  =  414  X  26.45  =  10,950  in. /lbs. 

(c)  Lengths  of  stays  S,  T,  U,  V.    (See  fig.  34.) 


First  panel. 

Second  panel. 

Sx 

Ti 

Vi 

V, 

s, 

T, 

Ut 

V, 

00.6 

104.9 

90.6 

104.9 

S6 

101 

86 

101 
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(cZ)  Computation  tables  for  direction  cosines. 


Symbol. 

1 

X 

Y 

Z 

Dir 

Sx 

;ction  cosi 
Sv 

□es. 

Sz 

fli  

St  

flO.6 
S6.0 

-84 
-79 

0 
0 

-62.9 
-02.9 

-0.927 
-  .918 

0 
0 

+0. 694 
+  .731 

Symbol. 

X 

/. 

Direction  cosites. 

( 

Y 

Ix 

h 

'-■ 

Ti  

Tt.  

1<M.  9 
101.0 

-84 
-79 

-34 
-34 

0 
0 

-0.801 
-  .782 

-0.324 
-  .336 

0 
0 

Symbol. 

( 

X 

v 

z 

Direction  cosines. 

tlx 

«y 

1  Ut 

Pi  

V,  

00.6 
86.0 

-84 
-79 

0 
0 

+62.9 
+62.9 

-0. 927 
-  .918 

0 
0 

+0.694 
+  .731 

Symbol. 

I 

X 

Y 

Z 

Dir 

Ix 

ection  cosines. 

V,  

V,  

101.9 
101.0 

-84 

-79 

34 

0 
0 

-0.801 
-  .782 

0.324 
.336 

0 
0 

2.  SOLUTION. 

(a)  Stresses  in  stays  transmitting  torque  forces  from  station  No.  1  to  station  No.  2. 
Given  (see  fig.  34) : 

1  =  35.8  ins.;  a  =  34  ins. ;  6  =  62.9  ins. 
Torque  =  10,950  in./lbs. 

Then  by  formulas  of  figure  34: 

/?  =  Torque  141 

=  10,950/4(35.8)   76.4 

P  =  Rb/2l 

=  76.466  (62.9)/2(35.8)  '.   67.2 

Q  =  Ra/2l 

=  76.466  (34)/2(35.8)   ..."   36.3 

Since  this  problem  comes  under  special  case  I,  right  prismatic  truss,  then,  the  general 
equations  of  figure  34  reduces  to 

<yT'=-2P         sxS+S'  =  0 


Solution  is  then 


uxV=  +2Q 
v7V=  +2P 
»J3=+2Q 


txT+  T'  =  0 
uxU+  U'  =  0 
VlF+F'  =  0 


L.  Tl=-2P/ty. 

2\=  -2(67.2)/(- 0.324)   414.9 

2.  Vi=+2Q/uz. 

^=+2(36.3)7(0.694)  '.   104.6 

3.  Vl=-2P/v7. 

Vt  =  -  2(67.2)/(  -  0.324)  r .  _  _ .  414.9 

4.  S1=+2Q/sz. 

5,= +2(36.3)/(0.694)   104.6 
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(b)  Stresses  in  stays  transmitting  torque  forces  from  station  No.  2  to  station  No.  3. 
The  values  of  I,  a,  b,  P,  and  Q  are  the  same  as  in  the  first  panel. 

L.  T2=-2P/ty 

T2  =  -  2 (67.2)/( -  0.336)  .       400.  0 

2.  V2=+2Q/uz 

£72=  +2(36.3)7(0.731)   -   99.3 

3.  V2=-2P/vy 

V2=-2 (67.2)/( -  0.336)  -  -  -  -   400.  0 

4.  S2=+2Q/sz 

S,=  +2(36.3)/(0.731)   99.3 


Example  15. — Given  the  data  for  figure  25,  as  below,  solve  for  the  tensions  in  the  stay  wires; 

L=145  lbs.;  m  =  60in.;  n  =  50in.;  p  =  99.8  in.  g  =  94.2.in.;  .4  =  0.012  sq.  in.;  5  =  0.012  sq. 
in.;  E=  30,000.000. 

DATA. 

L  =  145  lbs.;  m  =  60in.;  ft  =  50  in. 
p  =  99.8  in.;  q  =  M:2  in. 

4  =  0.012  sq.  in.;  £=0.012  sq.  in,;  E  =  30,000,000. 

SOLUTION. 

By  formulas  in  figure  25: 

P  =  LAmq2/(Am-qyp  +  BrfpVq) 

P  =  [145(0.012)60(94.2)2]/[(0.01 2)  (00)2(94.2)2/99.8  +  0.012(50-)  (99.S)-/94.2J  =  132.1  lbs. 
Q  =  LBnj>2/(Am2q2/p  +  Bn2pVq) 
=  145(0.012)50(99.8)2/[constant]  '  =  123.6  lbs. 

PROBLEMS  IN  PART  III. 
Airplane  Body  Stresses. 

Example  1. — An  elevator  bearing  a  uniform  pressure  of  20  pounds  per  square  foot  lias  the 
dimensions  and  structural  form  shown  in  figure  37.  Find  the  moment  about  the  hinge  and 
tho  stresses  in  stays  and  the  control  wires;  also  the  hinge  reactions. 

(A)  MOMENT  ABOUT  HINGE. 

The  moment  about  the  hinge  is  equal  to  the  product  of  the  area,  the  uniform  pressure, 
and  the  distance  from  the  hinge  axis  to  the  centroid. 
Given  4  =  11  square  feet.;  P  =  20  pounds  per  square  foot. 

Distance  to  centroid  =  15  in. 
Then  moment  =  1 1  (20)15  =  3,300  inch-pounds. 

(B)  TENSION  IN  CONTROL  WIRE. 

The  control  wire  pull  times  its  distance  from  the  hinge  axis  is  equal  to  the  moment  in 
(h)  above. 

Tension  in  control  wire  =  3,300/7.75  =425.8  pounds. 

(C)  TENSION  IN  STAY  WIRES. 

The  vertical  reactions  of  the  staj-s  are  approximately  equal  to  one- half  the  total  load 
on  (he  elevator.  Consider  the  stays  as  attached  to  a  flexible  rib,  forming  a  continuous  beam 
on  three  supports. 

Then  by  table  in  figure  13,  given  4xP  =  220  pounds.;  bjl  =  \. 

wl  =  220/4  =  55  pounds. 
#,=/?3  =  0.375  (55)  =20.62  pounds. 
R2  =  1 .25  (55)  =68.75  pounds. 
Check  R1  +  R2  +  R3  =  110  pounds. 


i  Uso  denominator  as  found  directly  above. 
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From  these  reactions  may  be  found  the  tensions  in  the  stay  wires  by  a  treatment  similar 
to  that  used  to  find  the  tensions  in.  aileron  stays.    (See  example  10,  Pt.  IT.) 

(D)  hinc;e  REACTIONS. 

The  vertical  hinge  reactions  may  be  considered  as  due  to  a  uniformly  loaded  beam  sup- 
ported at  three  points  and  bearing  one- half  the  total  load  on  the  elevator.  The  reactions  are 
approximately  equal  to  those  found  in  (c)  above.  To  the  middle  reaction  must  be  added 
the  vertical  reaction  of  the  mast,  which  is  equal  to  the  total  vertical  reactions  of  the  stays,  or 
one-half  the  total  load  on  tho  elevator,  plus  the  vertical  component  of  the  control  wire  pull. 

Control  wire  pull. 

Given  R  =  425.80  pounds.;  2  =  7.1'")  inches;  r  =  42.75  inches. 
Then  component  of  control  wiro  pull 
Z  =  Rzjr  =  425.80(7.75)/42.75  =  72.2 1  pounds. 
Hinge  reactions 
J^- 20.62 

R2  =  68.75  +  110  +  72.21  =250.96 
R3  =20.62. 

Example  2. — Find  the  vertical  components  of  the  pin  reactions  of  the  front  and  rear  beams 
of  the  stabilizer  or  horizontal  fin,  figure  37,  due  to  a  uniformly  distributed  pressure  of  20  pounds 
per  square  foot  and  the  hinge  reactions  of  example  1. 

(A)  TOTAL  LOAD  EQUALS  THE  UNIT  PRESSURE  TIMES  THE  AREA. 

Given,  5  =  28.70  square  feet:  P  =  20  pounds  per  square  foot. 
Then,  total  load  =  28.70  (20)  =574  pounds. 

(B)  DISTRIHI  TION  OF  LOADING  ON  RIBS  AND  BEAMS. 

The  ribs  may  be  considered  as  beams  supported  at  two  |  oints  (the  position  of  front  and  rear 
beams,  sec  m  and  n  in  figure  37).  Approximately  0.75  Wand  0.25  llris  carried  by  the  front  and 
rear  beams,  respectively. 

Front  beam,  0.750(574)  =430.50  pounds. 
Rear  beam,  0.250(574)  =  143.50  pounds. 

(C)  PIN  REACTIONS  DUE  TO  THE  LOAD  ON  THE  FRONT  BEAM. 

Consider  as  a  continuous  beam  supported  at  three  points  and  having  both  ends  overhanging. 
By  table  in  figure  13  Ty=wZ  =  430.50/2  =215.20 

b/  I  =28/50  =  0.56 

Then  fl,  =0.822  W  =  177.1 1 

R2  =0.354  W=  76.28 

#3  =0.822  F=  177.11 

Sum  =430.50 

(D)  PIN  REACTIONS  ON  REAR  BEAM. 

Consider  the  rear  beam  as  a  continuous  beam  supported  at  the  stern  post  and  two  stays 

By  figure  13,  given  >F=wZ  =  143.50/2  =  71 .75 

b/l=  28/56  =  0.50 
Then  Rt  =  0.927(71.75)  =67.23 

R2  =  0.126(71. 75)=  9.04 

i?3  =  0.937  (71. 75)  =67.23 

Sum         =  143  50 
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The  total  vertical  hinge  reactions  of  the  rudders  found  in  example  1  must  l>e  added  to  the 
reactions  /ft  and  A'.,.  The  true  pin  reactions  of  the  rear  beam  of  the  horizontal  stabilizer  then 
become: 

JB,  =  67.  23  -292.20  =  359.43 
R3=  9.04-0  =  9.04 
£,=■67.  23-292.20=359.43 

Sum  =727.90 

The  sum  of  all  the.  vertical  reactions  of  the  stabilizer  minus  (lie  vertical  components  of  the 
stay  wire  pulls  should  equal  the  total  load  on  stabilizer  and  elevator. 

Reactions  of  front  beam  =  430.50 
Reactions  of  rear  beam  =727.90 

Sum,  1,158.40 
Minus  vertical  compo- 
nents of  stay  wires,       144.42  • 

1,013.98 

Again,  Total  load  on  stabilizer  =  574  pounds. 
Load  on  left  elevator  =220  pounds. 
Load  on  right  elevator  =220  pounds. 

1,014 

Example  3. — A  rudder  and  vertical  stabilizer  bearing  a  uniform  pressure  of  20  pounds  per 
square  foot  has  the  dimensions  and  structural  form  shown  in  figure  37;  find  the  transverse  loads 
on  the  upper  and  lower  trussings  of  the  fuselage  in  figure  36  and  the  applied  couple  about  the 
normal  axis  of  its  various  section-. 

1.  GENERAL  DATA.  . 


Member. 

Area. 

Centroid. 

IS. 

>  I. 

12.00 
3.80 
15.  80 

-17 
13 
—  t 

10 
in 
17 

Stabilizer  

Rudder  and  stabilizer  

tangtb  of  stem  post,  12inches. 

'  z  is  (he  distance  (positive  upward)  from  a\is  of  upper  longeron  and  x  is  I  lie  distance  (positive  foiward)  from  axis  ol  si  em  posl . 

2.  WIND  FORCE. 

On  rudder  =  P.4  =  (20)  (12)  =240  pounds. 
On  stabilizer  =  PA  =  (20)  (3.80)  =  70  pounds. 

Total,  316  pounds. 

3.  TRANSVERSE  LOADS  ON  HORIZONTAL  TRUSSING  AND  COUPLES  AT  VARIOUS  SECTIONS. 

The  total  load  at  the  centroid  of  the  rudder  and  stabilizer  may  be  replaced  by  an  equal  load 
at  the  center  of  the  stern  post  and  an  equivalent  couple. 

Then, 

{a)  Load  at  center  of  stern  post =310  pounds. 

(6)  Couple  in  vertical  plane  of  stern  post  316  (17  +  6)  =7,208  pounds  per  sq.  in. 
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(c)  The  couples  at  the  various  sections  may  be  conveniently  arranged  in  the  following 
(able.    (See  fig.  36  for  dimensions  of  members.) 


Station  No. 


Transverse 
load. 


31H 
31(1 
31(1 
31(1 
3111 
-316 
318 


Kccentricily.i 


23 

24.5 

20 

27.7 

2!).B 

31.5 

33.  I 


Torque  L 
(couple). 


7. 2(1S 
7. 712 
S.21B 
S,  753 
9.354 
9,464 
in,  459 


Computations  for  stresses  due  to  the  applied  couples  alone  arc  Riven  in  example  12. 
i  Vertical  distance  of  load  above  axis  of  sections. 

Example  4. — Compute  the  normal  lift  on  the  tail  skid  from  the  data  given  in  figure  2!). 
Given  F=-1,S90  lbs.;  a  =  19.13ins.;  2  =  205.8  ins. 

L=  Wa/l 
~  1,890(19. 13)/205.8 
=  175.6  lbs. 

Example  5K— Given  7=60,544  lb.  —ft.3,  J3— 16  ft./sec.2,  ?'„  =  8  ft./scc.2,  a  =  ().l  rad./see.2  in 
figure. '51  and  the  dimensions  of  a  machine,  find  the  resultant  live  load  on  the  tail  skid. 


Given  17=  1,890  lbs.  =  16  ft./soc.a          £  =  1.59  ft. 

7=60,544  lb. -ft.2  j„  =  8  f t./sec.2            y  =  2.91  ft. 

a  =  0.1  rad./sec.2  0  =  3°  37' 

2>=  17.14  ft.  (7  =  32  ft. /sec. 2 

Then,  by  figure  31, 

P„  =  { M{jvx  -  jxlj  +  g  cos  p. 2]  + 1 0a)lp. 

P„={18Q0[8(1.59)- 16(2.91) +32(.998)(1.59)]  +  60,544(.l)}/i7. 14. 
7^  =  2,221  poundals,  or  69.4  pounds  of  force. 

Example  6. — From  the  data  in  figure  29  compute  the  normal  load  at  the  wheels  of  the 
undercarriage;  also  the  stresses  in  the  struts  and  stays  and  their  factors  of  safety. 

1.  LOAD  ON  WHEELS. 

Load  carried  by  each  wheel  =  857.2 

2.  STRESSES  IN  STRUTS  AND  STAYS  (ANALYTICAL). 

Applying  formula  24  to  the  triangles  A,  B,  O in  figure  29,  we  have — 
a)  For  component  in  plane  of  front  trussing, 

P  =  R  sin  a/sin  y 
=  857  sin  (68°23')/sin  (76°14') 
=  820.5. 

In  a  similar  manner  the  stresses  are  found. 

(b)  For  component  in  plane  of  rear  trussing   511.  0 

(c)  For  tension  in  front  stay   619.  7 

(d)  For  compression  in  the  front  strut    1,  307. 1 

(e)  For  tension  in  rear  stay      301.  7 

(/)  For  compression  in  rear  strut      77S.  9 

3.  STRESSES  IN  STRUTS  AND  STAYS  (GRAPHICAL). 

The  graphical  solutions  are  shown  in  figure  29.  Figure  29  shows  the  lift  components  in 
planes  of  front  and  rear  trussings,  both  being  in  a  plane  normal  to  axle.  From  these  components 
the  stresses  in  the  front  and  rear  struts  and  stays  are  found  by  simple  graphics  as  shown. 


'  Solved  by  using  absolute  F.  P.  S.  units. 


J  Total  woight  of  machine  minus  load  on  tail  skid  and  weights  of  wheels  and  axle. 
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4.  FACTORS  OF  SAFETY. 

The  factors  of  safety  arc  found  by  dividing  the  standard  strength  in  pounds  by  the  load  in 
pounds. . 

The  table  below  gives  the  complete  data  and  results. 


Member. 

Material. 

Standard 
strength. 

Section 
area. 

Moment 
of  inertia. 

Length 
in  inches. 

f 

1  Stress  in 
Load  in  pounds 
pounds  parsqoare 
inch. 

Factor 
o(  safel y 

4.2 
2.5 
7:5 
15.5 

fr*  &£ 

Spruce  

5,000 
1,990 
4,700 
4,700 

0.41R 
.418 

33.3 
55.7 

1,307 
779 
-020 
-302 

^ys  fev 

...do  

'A 
'ft 

...do  

1  Inches  in  diameter. 


Example  7. — Find  the  stresses  in  the  undercarriage  trussing  of  the  seaplane  in  figure  30, 
due  to  a  lift  of  600  pounds,  applied  at  a  point  one-third  the  distance  from  the  front  to  the  rear 
strut  attachments. 

The  resultant  force  is  resolved  along  three  axes,  passing  through  its  point  of  application; 
the  X  axis,  which  in  the  present  case  may  bo  conveniently  taken  parallel  to  the  line  of  the 
fore-and-aft  lower  pin  connections  of  the  trussing  to  the  pontoon;  the  Y  and  Z  axes  normal 
thereto.  The  stresses  in  the  trussings  are  then  determined  separately  for  each  component 
and  then  algebraically  added. 

1.  STRESSES  DUE  TO  THE  7.  COMPONENT. 

The  Z  component  in  the  present  problem  acts  in  a  vertical  plane  through  the  fore-and-aft 
pin  connections  of  the  trussing.1  This  vertical  load  is* resolved,  as  shown  in  figure  30,  into  com- 
ponents in  the  planes  of  the  fore-and-aft  side  struts  and  fore-and-aft  stays,  both  components 
being  in  the  YZ  plane.  From  each  of  these  components  the  stresses  in  the  stays  and  struts 
may  be  found  us  shown.  The  component  in  the  plane  of  the  stays  causes  a  drag  in  the  strut 
plane,  which  must  be  determined  before  solving  for  the  strut  plane  stresses.  These  drag  forces 
(seo  forces  (169)  and  (24)  in  diagram  for  true  plane  of  struts,  figure  30)  are  caused  by  the 
tension  in  the  stays.  Figure  30  (^4)  shows  the  resolution  of  lift  on  vertical  plane  (YZ);  B, 
the  diagram  for  the  lengths  and  distances  in  true  plane  of  stays  with  the  graphical  solution 
for  stresses. and  strut  reactions;  (c),  diagram  for  true  plane  of  struts  and  graphical  solution 
for  stresses  in  struts. 

2.  STRESSES  DUE  TO  THE  X  AND  Y  COMPONENTS. 

The  stresses  in  the  struts  and  stajrs  due  to  X,  Y  components  of  the  applied  load  on  the 
pontoon  are  in  general  solved  by  a  method  similar  to  1 . 

Example  8. — An  airplane  weighing  3,000  pounds  with  wheels  2  feet  in  diameter  and  6  feet 
apart  rests  with  one  wheel  10  inches  lower  than  the  other.  Find  the  added  bending  moment 
on  the  axle,  assuming  each  wheel  to  carry  one-half  the  entire,  weight. 

By  section:  23 

Given  17=3,000  lbs.  a  =  7°54'  /?=  12  ins. 

By  formula: 

jfcf-1/2  WK  Sin  a 

=  1/2  (3000)  12  (0.1388) 
=  208  ft.  lbs.  Ans. 

Example  9. — Find  the  stresses  in  the  struts,  stays,  and  longerons  of  the  rear  segment  of 
the  fuselage  due  to  a  uniform  pressure  of  20  pounds  per  square  foot  upon  the  horizontal  tail 
pieces;   also  those  due  to  gravitational  loads  alone. 


1  In  case  the  Z  component  is  not  in  a  vertical  plane  through  the  pin  connections,  an  equivalent  force  and  couple  must  be  Considered. 
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I.  STRESSES  DUE  TO  AIR  FORCE  ONLY. 

1.  GENERAL  DATA. 

ft,=3.00j  w,=0;  &  =  19.00;  p=12.00;  ^  =  22.48;  p2  =  19.24;  p3  =  b 
n2  =  3.00;  m2  =  0;  c  =  20.50;  q  =  15.00;  &  =25.40;  ?2  =  20.72;  q„  =  c 
•  n»=3.50;  rn.3  =  0;  <Z  =  24.00;  r  =  18.00;  r,  =  30;00;  r2  =  24.26;  r3  =  d 
?!4  =  3.87;  m4  =  0;  e  =  26.00;  s  =  21.50;  s,  =  33.74;  s2  =  26.29;  s3  =  e 
n6  =  3.75 ;  m5  =  0;  /=  29.00;  <  =  25.37;  «,  =  38.53;  <2  =  29.24;  l3=f 
7?„  =  3.19;  m„  =  0;  gr  =  30.87;  u  =  29.12;  u1  =  42.44;  ^  =  31.08;  u3  =  g 

v  =  32.32; 

t?  =  507  on  each  truss.    (See  example  2  part  II.) 

2.  ANALYTICAL  SOLUTION. 

Bv  formulas  of  figure  32: 

UPPER  LONGERON  STRESSES. 
P'"=0    0.00 

The  formulas  of  figure  32  apply  to  all  cases  and  may  l>o  reduced  to  simple  forms,  for  cases 
of  parallel  or  horizontal  longerons,  by  cancellation.  Always  rewrite  the  formulas  before 
solving. 

Q"'  =  Gb/q 

=  507(19)/15  ..-     1  642. 19 

R"'  =  G(b  +  c)/r 

=  507(19 +  20.5)/18    .      1,  112.58 

S'"  =  G(J>  +  c  +  d)/s 

=  507(19  +  20.5  +  24)/21.50    1,  497.  41 

T"'  =  G(b  +  c  +  d  +  e)/t 

=  507(19  +  20.5+24  +  26)/25.37      1,788.15 

U"'  =  G(b  +  c  +  d  +  e+f)/u 

=  507(19 +  20.5 +  24  + 26 +  29)/29. 12      2,  062.  80 

V"'  =  G(jb  +  c  +  d  +  e+f+g)/v 

=  507(19  +  20.5  +  24  +  26  +  29  +  30.87)  /32.32       2,  343.  40 

LOWER  LONGERON  STRESSES. 

P"  =  p2Q"'/b 

=  19.  24(642. 19)/19       650.30 

Q"  =  q2R"'/c 

=  20.72(1, 112.58)/20.5         1, 124.  52 

R"=r2S"'/d 

=  24.26(l,497.41)/24   1,513.63 

S"=s2T"'/e 

=  26.29(l,788.15)/26.    1,808.  10 

T"  =  t2U"'/f 

=  29.24(2,062.80)/29  '   2,  079.  88 

U"=u2V"'lg 

=  31.08(2,343.40)/30.87.   *  2,  358.  96 

STAY  STRESSES. 

P'  =  Pl[G-P"nJp2]/(q-nl) 

=  22.48[507  -  650.  30(3)/19.  24]/(15  -  3)   759.  84 

Q'  =  q1[G-Q"n2/q2]/(r-n2) 

=  25.40[507  -  1 , 124.52(3)/20.72]/(18  -  3)     582.  82 

R'  =  rl[G-R"n3/r2}ls{-nls) 

=  30[507-  1,513.63  (3.5)/24.26]/ (21. 50  -3.5)   481.  05 


i  Solved  two  decimal  places  for  comparing  methods  of  solution.    Use  slide  rule  for  engineering  results. 
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S'=Sl[G-S"nJs2]/(t-n<) 

=  33.  74[507-  l,808.10(3.87)/26.2fl]/(25.  375-3.  87)      377.  41 

T'^tSG-T'nJQKu-ni) 

=  38.53[507-2,079.88(3.75)/29.24]/(29.12-3.75)      364.67 

U'  =  uJO  -  U"nju2]/(v  -  n„) 

=  42.  44[507  - 2,358.96(3. 81  )/31. OS]/ (32. 32  -  3.18)     386.  80 

STRUT  STRESSES. 

P  =  G 

=  507     507.00 

Q=P'(q-ni)/Pl 

=  759.84(15 -3)/22.  48    405.60 

R  =  Q'(r-n2)/qi 

=  582.82(18 -3)/25.40   344.18 

5=JS'(s-n2)/«7l 

=  481.05(21.50- 3.5)/30  -    288.  63 

T=S'(t-nt)/Si 

=  377.41  (25.375  -  3.875)/33.74      240.  49 

U=T(u-ni)lti 

=  36.467(29. 12-3.75)/38.53     240.  16 

V=  U'Cv-n.yu, 

=  386.80(32.32- 3. 18)/42.44      265.  43 

3.  GRAPHICAL  SOLUTION. 

The  graphical  solution  is  given  in  figure  35  II. 

II.  STRESSES  DUE  TO  GRAVITATIONAL  LOADS  ONLY. 
1.  GENERAL  DATA. 

7^  =  3.00;  6  =  19.00;         p  =  12.00;         p1=22A8;         p2  =  19.24;  p3  =  b 

7!2  =  3.00;  c  =  20.50;  g  =  15.00;         ^  =  25.40;         &  =  20.72;  <z3  =  c 

7J3  =  3.50;  <Z  =  24.00;  r=18.00;         r,  =  30.00;         r2  =  24.26;  r3  =  c/ 

n,  =  3.87;  e  =  26.00;  s  =  2 1.50;         s,  =  33.74;         s2  =  26.29;  s3  =  e 

n6  =  3.75;  /=29.00;  2  =  25.37;  *,  =  38.53;         ^  =  29.24;  t3=f 

7!0  =  3.18;  <7  =  30.87;         w  =  29.12;         ^  =  42.44;        «2  =  31.08;  u3=g 

n7  =  2.93;  fc  =  41.56;  v  =  32.31;         v,=52.64;         v2  =  41.66;  v3  =  h 

w  =  34.75 

G  =  30.00;      #=10.00;      7=9.00;      J  =  7.50;      7f=8.00;      L  =  8.50;  .¥=100 

In  the  case  of  loads  G,  II,  I,  -7,  K,  L,  M,  etc.,  on  a  long  truss  it  is  convenient  to  find  their 
moments  ahout  different  sections  before  substituting  in  the  equation. 

The  use  of  the  table  below  can  be  readily  seen  when  substituting  in  the  equations  of 
figure  32. 

153215— S.  Doc.  166,  66-2  58 
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Problems  in  Part  III. 


Sum  of  distances. 


b   19.00 

b+e   39.50 

b+e+d   63. 50 

b+c+d+e   89. 50 

b+e+d+e+f   118.50 

b+c+d+c+f+g   149. 37 

b+c+d+e+f+g+h   190.93 

e   20. 50 

e+d   44. 50 

e+d+e   70.50 

c+d+e+f   99.50 

c+d+t+f+g   130.37 

c+d  (•«+/ 4-f+ft  ..   171.93 

d   24.00 

d+e   50.00 

d+e+f   79.00 

d+e+f+e   W9.S7 

d+e+f+g+h   151.43 

e   26.00 

e+f   55. 00 

e+f+g   85.87 

e+f+B+h  i   127.43 

/   29.00 

f+g   59.87 

f+g+h   101.42 

g   30. 87 

g+h   72.43 

ft   41.56 


DistancexG-30 
570.00 
1,185.00 
1,905.00 
2,685.00 
3,555.00 
4,481.25 
5,727.90 

DistanceXH- 10 

205.00 

445.00 

705  00 

995  00 
1,303  75 
1,719  35 
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Distance  X/- 
216.00 
450.00 
711.00 

9NS.  S7 

1,362.87 

DistanceX/-7.5 
195.00 
412.50 
m  I.  on 

955.72 

DistanceXA'=8 
232.00 
479.00 
811.36 

DistanccX£-8.50 
262.43 
61E.  65 


DistaneeX  M- 
4,156.00 


100 


2.  ANALYTICAL  SOLUTION. 


UPPER  LONGERON  STRESSES. 

0  -.      --  -  - 

Gb/q 

570  715    

[G(b  +  c)  +  H(c)]/r 

[1,185  +  205]/18      

.  [G(b  +  c + d)  +  H  (c + d)  +  Id]/s 

[1 ,905  +  445  +  2 1 6]/2 1.50    

[G(b  +  c + d  +  e)  +  H(c + d + e)  +  I(d + e)  +  Je  ]/t 

2,685 +  705  + 450  + 195]/25.37    

[G(b  +  c  +  d  +  e+f)  +  n(c  +  d  +  e+f+)  +  etc.]/u 

[3.555+995  +  711+412.50  +  232]/29.12  

[G(b  +  c  +  d  +  e  +  /*+  g)  +  fl(c + d  +  e  +/+?  +  )  +  etc.]/v 

[4,481.25  + 1,303.75+988.87  +  644.06  +  479  +  262.43]/32.31  

[G(b  +  c  +  d  +  e  +/+  g  +  h)  +  etc.]/w 

[5,727.90  +  1,719.35  +  1,362.87+955.72  +  84.36  +  615.65,  +4.156.00]/34.75. 


0.  00 
38.  00 
77.  22 
119.34 
159.  00 
202.  75 
252. 51 
409. 00 


P2Q"'/b 

19.24(38)/19  

q2R"'/c 

=  20.72(77.22)/20.5. 
=  r2S"'/d 

=  24.26(119.34)/34. 
-s2T"'/e 

=  26.29(159.00)/26. 


LOWER  LONGERON  STRESSES. 


38.  48 

78.  04 
120.  63 
160.  00 


1  See  data  table  aliove. 
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T"  =  t2U"'/f. 

=  29.24  (202.75)/29    204.42 

U"=u2V"'/g. 

=  31.08  (252.5D/30.875       254.18 

STAY  STRESSES. 

P'=Pl  [G-P"nl/p2]ttq-nl). 

=  22.48  [30-38.48(3)/19.24]/(15-3)     44.  9G 

Q'  =  q1[0  +  H-Q"n2/q2}/(r-rh). 

=  25.40  [40  -  78.04(3)/20.72]/(18  -  3)    48.  61 

R'  =  i\  [G  +  H+I-R"ns/r2]/(s-n3). 

=  30  [49-120.63(3.5)/24.26]/(21.50-3.5)   .'     52.66 

<S"  =  s,  [G  +  H+I+J- S"njs2y(t-n4). 

=  33.74  [56.50 -  160.00(3.87)/26.29]/ (25.37  -  3.87)      51.66 

r-tt  [G  +  H+I+J  +  K-  T"nJt2V(u-ni). 

=  38.53  [64.50 -204.42 (3.75 )/29.24]/ (29. 12-3.75)..     58.14 

V'^u,  [G  +  H+I+J+  K+L-  U'\u2V(v-nt). 

=  42.44  [73 -254.18(3. 18)/31.8]/(32.31 -3.18)     69.33 

STRUT  STRESSES. 

P  =  G. 

=  30     30.00 

Q  =  H+P'  (q-nj/pt. 

=  10  + 44.96(15 -3)/22.48      34.  00 

R  =  I+Q'(r-rh)/q1. 

=  9  +  48.61(18-3)/25.40._     37.71 

S  =  J  +  R'  (*-nJry 

=  7.50 +  (52.66)  (21.50-3.5)/30   39.09 

T=  K+S' (t-n^/s,. 

=  8.00  +  5166(25.37  - 3.87)/33.74     •   40.  9 1 

U=L+T'  (u-n^/t,. 

=  8.50  +  50.65(29.12-3.75)/38.53   ,    41.85 


III.  GRAPHICAL  SOLUTION. 

The  graphical  solution  is  shown  in  figure  35. 

IV.  REFERENCE  TABLE  FOR  STRESSES  IN  LONGERONS. 


Symbol. 

• 

Longeron  stresses. 

I'ppcr. 

lower. 

Stay 
stresses. 

Strut 

stresses. 

P  

n  o 
■18  0 
77.2 
IW.8 
150, 0 
•102.  8 
252.5 

38  5 
78  0 

160  » 
204.4 
254.2 

45.0 
48  6 
52.7 
51.7 

30  0 
34  0 
37.7 
39.1 
10.9 
41.9 

<i  

R  

S  

T  

V  

W  

Em  iii  ph  to.  Find  the  stresses  in  the  struts,  stayB,  and  Longerons  of  the  vertical  trussing  of 
the  front  segment  of  the  fuselage  shown  in  figure  35,  due  to  gravitational  loads. 

I.  GENERAL  DATA. 

6  =  19.00;  m,=6.12;  n,  =  7.50;  p  =  10;  p,  =  24.92;  p2  =  20.43;  p3  =  19.96; 
c  =  19.50;  7712  =  1.87;  7i2=5.50;  ?  =  23.62;  ql=32.10;  ?2  =  20.26;  $,  =  19.59; 
d  =  13.66;  r  =  30.94;  r3  =  13.67; 

C=165;  27=11. 
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II.  ANALYTICAL  SOLUTION. 

Solution  similar  to  that  in  example  9. 


III.  KKSULTS. 


Symbol. 

Longeron  stresses. 

Upper. 

Lower. 

Stay 
stresses. 

Strut 

stresses. 

P  

0.0 
133. 3 
212.4 

142.5 
220.5 

174.2 
130.5 

105.0 

103.9 

Q  

R  

Example  /  /.—From  the  data  in  the  problems  above  find  the  stresses  and  factors  of  safety 
for  the  principal  members  of  the  fuselage  for  a  steady  circular  flight  around  a  level  curve  of  200 
feet  radius  at  80  miles  per  hour. 

The  stresses  in  the  front  and  rear  sections  of  the  fuselage  may  be  found  from  the  gravity 
stresses  for  steady  level  flight  in  figure  36  by  multiplying  by  a  simple  ratio.  For  a  velocity  of 
SO  miles  per  hour  and  200  feet  radius,  formula  — ,  the  resultant  loading  is  2.133  times  the  gravity 
loading. 

The  table  below  refers  to  figure  35,  and  gives  the  resultant  stresses  and  factors  of  safety. 


Symbol. 


Ba.. 
Co.. 
De.. 
En.. 
Fi.. 
Go.. 
Iln. 
Ip.. 
Jn.. 
Kt'. 
Lv.. 


Ah.. 
Ad.. 
At... 
Oh.. 
Ni... 
Nk.. 
Nm. 
No.. 
Nq. . 
Ns... 
Nu. 


Aa.. 
he... 
de.., 
fc. 
hi.., 
Ik... 
lm.. 
no.. 
Pa- 
rs... 
tn.. 
vm. 

ab.. 
cd.. 
ef... 
eh.. 

t: 

mn . 

op., 
qr.. 
st... 
uv.. 


Standard 
strength, 
poiinds. 


15,000 
15,000 
15,000 
15,  000 
15,000 
13,000 
13,000 
13,000 
13,000 
13,000 
13,000 

Strenrth, 
pounds. 
10,500 
10,000 
10,700 
9,000 
8, 100 
4,800 
t,300 
1,300 
1,800 
1,500 
3,500 


Stress  for 
steady 
flight. 

Stress  for 
MH/HR  200 
feet  RAD. 

Factor  of 
safely. 

0.00 
-  71 
-114 

-151 
-243 

99 
61 

-147 
-105 
,  -140 
-115 

-  82 

-  45 
0.00 

144 

222 
354 

-314 
-352 
-298 
-245 
-174 
-  98 

47 
37 
43 
53 
74 
135 

307 
473 
754 

34 
22 
U 

442 
254 
204 
100 
121 
7S 
39 

942 
541 
435 
341 
258 
100 
83 

8.5 
8.8 
9.8 

12.7 

14.7 

21 

42 

112 

302 

239 
046 

25 
20 

149 
49 
41 

39 
38 
34 

317 
101 

87 
83 
81 
72 

17.6 

43 

53 

45 

47 

52 

-175 
-131 
-32S 

-373 
-279 
-099 

11.2 
15 

6 

-230 

-  09 

-  59 

-  53 

-  52 

-  49 

-  45 

-503 
-147 
-125 
-113 
-111 
-104 
-  90 

4.1 
13.6 
16 
17 
18 

19.2 
20.8 

0,000 
12,900 
10,500 
IO.2O0 
5,000 
4,500 
4,600 
3,800 
3,800 
3,800 


4,200 
4,200 
4,200 
4,200 
2,100 
2,000 
2,000 
2,000 
2,000 
2,000 
2,000 


Example  12. — Find  the  stresses  in  the  rear  segment  of  the  fuselage  due  to  the  torsional  loads 
of  example  3. 


AIRPLANE  STRESS  ANALYSIS. 
1.  GENERAL  DATA. 

Table  for  applied  torques  as  found  in  example  S. 


Station. 

1 

2 

3 

4 

5 

6 

7 

7,208 

7,742 

8,210 

8,753 

9,354 

9,954 

10,459 

847 


Table  for  length  of  panels,  struts,  and  stays. 


Length  of  panels. 

Length  of  struts. 

Length  of  stays. 

Station. 

Length. 

Station. 

Upper. 

Side. 

Station. 

Upper. 

Side. 

1  to  2  

19 

20.5 
24 
20 
29 

30.87 
41.00 

1  

0.00 
7.75 
14.25 
18.50 
21.37 
23.00 
24.00 

12 
15 
18 

21.50 
25.37 
29.12 
32.3 

22. 4S 
25.40 
30.00 
33.70 
38.50 
42.40 

2  to  3  

2  

23.4 
29.2 
32.9 
30.7 
39.0 

3  

3  to  4  

4  to  5  

4  

5  

6  to  7  

6  

0  to  7  

7  

Table  for  lengths  of  struts  and  stays  in  the  transverse  trussing  at  the  different  sUitions. 


Station. 

Upper 
strut,  i 

Side 
stmt. 

Diagonal. 

7.75 
14.25 

15.00 
18.00 
21.50 
25.37 
29.12 
32.30 

8.44 
11.45 
14.18 
16.68 
18.55 
21.11 

18.50 
21.37 

23.00 
24.00 

i  See  flg.  34. 

Compulation  tables  for  direction  cosine. 

Symbol. 


8, 
8, 
S, 
Ss 

s, 

St 


Left  sido  stays. 


27.4! 

32.3 

36.3 

41.1 

44.7 

50.1 


20.5 

24 

26 

29 

30.9 

41.6 


3.10 
2.4 
1.4 
1.0 

.6 

0 


18 

21.5 

25.4 

29.1 

32.3 

34.8 


Direction  cosines. 


-0.748 

-  .743 

-  .716 

-  .706 

-  .691 

-  .831 


-0.  113 

-  .074 

-  .038 

-  .024 

-  .01,3 
-0.000 


-0.657 

-  .666 

-  .699 

-  .708 

-  .723 

-  .695 


Symbol. 


T,. 
Ta. 
TV 
T, 
T„. 
T:. 


Upper  stays. 


23.4  2 

29.0 
32.7 
36.6 
3S.8 
48.0 


20.5 

24 

26 

29 

30.9 

41.6 


10.9 
16.7 
19.9 
22.4 
23.  6 
24.0 


Direction  cosines. 


-0.884 

-  .828 

-  .795 

-  .792 

-  .796 

-  .867 


-0.  470 

-  .576 

-  .60S 

-  .612 

-  .60S 

-  .500 


1  The  direction  cosinas  are  fonn  1  from  tho  projections  alon? 
observation  in  fig.  34. 
'  Inches. 


X,  Y,  Z  and  tho  true  lengths  of  tho  struts,  stays,  otc.   Tho  signs  are  given  from 


1 
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Computation  tables  for  direction  cosine — Continued. 


Symbol. 

Right  side  stays. 

1 

X 

Y 

Z 

Direction  cosines. 

i 

u, 

U,  

U,  

U,  

U,  

tri  

TJi  

25.5 
29.9 
33.7 
38.6 
42.5 
52.6 

20.5 

24 

28 

29 

30.9 

41.6 

3.10 
2.40 
1.4 
1.0 

.6 

0 

15 

18 

21.5 

25.4 

29.1 

32.3 

-0.804 

-  .802 

-  .771 

-  .751 

-  .728 

-  .791 

+0. 121 
+  .080 
+  .041 
+  .026 
+  .014 
+0 

+0.588 
+  .602 
+  .638 
+  .658 
+  .685 
+  .614 

Symbol. 

Lower  stays. 

1 

X 

Y 

Z 

Direction  cosines. 

▼» 

V, 

V».  

Vj  

V,  

V,  

V,  

23.3 
29. 1 

32.8 
36.7 
38.9 
43.9 

20.5 
24.0 
26.0 
29.0 
30.9 
41.6 

10.9 
16.7 
19.9 
22.4 
23.6 
24.0 

3.0 
3.4 
3.9 
3.7 
3.2 
2.3 

-0.880 

-  .825 

-  .792 

-  .790 

-  .794 

-  .948 

+0.  468 
+  .574 
+  .607 
+  .612 
+  .606 
+  .546 

-0.  129 

-  .117 

-  .118 

-  .101 

-  .0S2 

-  .052 

Symbol. 

Upper  longerons,  left. 

1 

X 

Y 

Z 

Direction  cosine*. 

s,' 

•V 

p,'  

Sj'  

Si' 

St'  

(V  

8,'  

20.8 
24.1 
26.1 
29.1 
30.9 
41.6 

20.5 

24 

26 

29 

30.9 

41.6 

3.10 
2.4 
1.4 
1.0 
.6 

° 

0 
0 
0 

+0.986 
+  .997 
+  .998 
+  .999 
+  1.000 
+  1.000 

+0. 149 
+  .099 
+  .053 
+  .034 
+  .019 
+0 

0 
0 
0 
0 
0 
0 

Symbol 

Upper  longerons,  righl. 

I 

X 

Y 

Z 

Direction  cosines. 

t«' 

V 

V 

Tt'  

TV  

TV  

TV  

TV  

TV  

20.8 
24.  1 
26.0 
29.  1 
30.9 
41.6 

20.5 

24 

26 

29 

30.9 

41.6 

3.10 
2.4 
1.4 
1.0 
.6 

0 

0 
0 
0 
0 
0 
0 

+0.986 
+  .997 
+  .998 
+  .999 
+  1.000 
+  1.000 

-0.  149 

-  .099 

-  .053 

-  .034 

-  .019 

° 

0 
0 
0 
0 
0 
0 

Symbol. 

Lower  longerons,  left. 

1 

X 

Y 

z 

Direction  cosines. 

u«' 

u,' 

Of' 

U»'  

U.'  

V,'  

w  

w  

W  

20.9 
24.2 
26.1 
29.2 
30  9 
41  6 

20.5 
24 
26 
29 

30.9 
41.6 

3. 10 
2.4 
1.4 
1.0 
.6 

0 

3.0 
3.4 
38 
3.7 
3.2 
2.0 

+0.P81 
+  .992 
+  .994 
+  .999 
+  1.00 
+  1.00 

-0.149 

-  .099 

-  .053 

-  .034 

-  .019 
0.000 

+0.143 
+  .140 
+  .146 
+  .126 
+  .103 
+  .048 

AIRPLANE  STRESS  ANALYSIS. 

Computation  tables  for  direction  cosine — Continued. 
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Lower  longerons,  right. 

Symbol. 

Direction  eos  'm 

es. 

1 

X 

Y 

Z 

vx' 

v,' 

v-   

20.9 

20.5 

3. 10 

3.0 

-0.981 

-0. 149 

-0. 143 

V,'  

24.2 

24 

2. 40 

3.4 

-  .992 

-  .099 

-  .140 

V,'  

26.1 

26 

1.4 

3.9 

-  .994 

-  .053 

-  .  149 

V/  

29. 2 

29 

1.0 

3.7 

-  .999 

-  .034 

-  .126 

V,"  

30.9 

30.9 

.6 

3.2 

-1.00 

-  .019 

-  .103 

V,'  

41.6 

41.6 

0 

2.0 

-1.00 

0.000 

-  .018 

EL  SOLUTION. 

FOB  TOKQl'E  OK  7,712  INCHES-POUNDS  AT  STATION  NO.  2. 

Given  torque  =  7,742  ins.-lbs.;  Z  =  8.44  ins.;  6  =  15  ins.;  «  =  7.74  ins. 
Then  by  figure  34: 
R  =  torque/4Z 

=  7,742/4  (8.44)..   229.32  lbs. 

P  =  Rb/2l 

=  229.32(15)/2(8.44)        203.  77 

Q=Ra/2l 

=  229.32  (7.75)/2(8.44)    105.28 

Substituting  these  values  in  formulas  of  figure  34: 

syS  +  sv'8'+triT+tv'T'  +  2  P  =  0  -0.1135  +  0. 14.1S' -0.470 T-0.149 7" +  2(203.77)  =0  (1) 

tzT+tz'T'  +  u2U+unU2-2Q  =  0  +0  +  0.588  Z7+  0.143  Z7'  -  2 (105.28) = 0  (2) 
uvU+uy'U'  +  vyV+vy'V'-2P  =  Q  +0.121  £7-0.149  F'  +  0.46SF+ 0.149  V  -  2(203.77)  =0  (3) 

vz  V+  %'  V+  s2S  +  8i'S'  +  2  Q  =  0  -0.129 7+  0.143  V -  0.6575  +  0  +  2(1 05.2S)  =  0  (4) 

5  +  s'5'  =  0  -  0.7485  +  0.9865'  =  0;  5'  =  0.7595                                         *  (  5) 

txT+tx'T'  =  0  -0.8S4  7'+0.9S6  7"  =  0;   r=0.897jT  (6) 

uxU+ux'U'  =  0  -  0.804  ?7+0.981?7'  =  0;  ?7'=0.819Z7  (7) 

vxV+vx'V'  =  0  - 0.880 7+  0.9817' - 0 ;  7  =  0.8977  (8) 

Substituting  values  of  5',  T',  U',  V  from  equations  5,  6,  7,8,  in  equations  1 , 2,3,4  we  find — 

5  =  320.7. 
T=  675.0. 
17-298.7. 
7=678.0. 

Again  by  equations  5,  6,  7,  8 — 

5' =  243.6. 
T  =  605.5. 
U'- 243.9. 
V  =  608.2. 

In  a  similar  manner  the  stresses  may  be  determined  for  stations  3,  4,  etc.  The  table  below 
gives  these  results  for  the  given  torsion  loads. 


Stations. 

B 

T 

U 

V 

T' 

CP 

V 

2 

320. 7 

675.  0 

298.7 

678.0 

213  6 

605.  5 

243.  9 

608. 2 

334.  4 

420.  1 

311.5 

427.5 

241  2 

351.0 

251.8 

355.  Sn 

4,  . 

288.0 

360.0 

.'■is  1 

360 

206  S 

286. 9 

208  1 

286.9 

5 

236. 0 

337.  0 

210.  7 

337 

181  0 

267.  2 

181.2 

266.0 

6 

230  ii 

338.  0 

218  8 

339 

118  0 

261.0 

159.3 

269.1 

7 

223. 1 

4,7.3 

238  2 

3&J 

183  4 

381.8 

188  4 

362. 1 
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FIG.  1.—  Contour  maps  of  pressure  on  top  and  bottom  surfaces  of  typical  aerofoil  (model  K.  A.  K.  <!,  a-pect  ratio  8  to  1,  air  at  standard  density). 
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FIG.  3.— Pressure  distribution  on  median  section  of  R.  A.  F.  O  aerololl  of  1  to  6  aspect  ratio  at  80  feet  per  second,  air  at 

standard  density. 
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FIG.  3.— Pressure  dlstrihutlon  on  typical  aerofoil  with  hinged  rear  margin.     (Model  It.  A.  F.  ti,  aspect  ratio  1  to  0.  standard  al 

density,  speed  111  ill.  p.  h.) 
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FIG.  5. — Values  of  the  natural  angleof  hank    degrees,  centrifugal  force  F,  and  whole  forre  P  perpendicular  to  the  wings,  for  an 
airplane  In  steady  circular  flight  around  a  level  curve  of  radius  11  feet.   F  and  P  expressed  as  a  fraction  of  the  whole  weight  W. 
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MSTKUUTIQl  10B1UI  TO  CHORD 

•'!<;.  7.  -Typical  pressure  distribution  on  wine  plan*  resolve  I 
normal  to  cord. 
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Fit;.  II).-  Resolution  of  Ring  plane  loads  Into  ivlng  spar 
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WTO,  I  I. — Forms  of  the  three-moment  theorem. 
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lii.,  12.— Application  of  the  three-moment  theorem  to  rases  of 
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FIG.  13. — Bending  momenta  and  reactions  for  a  continuous  beam 
symmetrically  supported. 
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FIG.  14. — Bending  moments,  shears  Mid  reactions  for  a  continuous  beam  supported  at  three  points  and 
having  one  end  overhanging.   1'nlformly  loaded  on  eacli  panel. 
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Note.— For  briefer  analysis,  let  A,  B,  C— w,  the  uniform  running  load. 
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Vlii.  I">.  Mending  moments,  shears,  and  reactions  for  a  continuous  beam  sup- 
ported at  Four  points  and  having  one  end  overhanging.  Uniformly  loaded  on 
eacfa  panel. 
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FIG.  1 7. — Shear  and  moment  on  upper  and  lower  spars  In 
plane  of  front  struts. 
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FIG.  18. — Bending  moments  lor  a  uniformly  loaded  contin- 
uous beam  with  pin  supports  and  stays  attached  aside 
from  strut  axis. 
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Pitt.  33  Concentrated  loads  on  drag  trussing  in  terms  of  pin 

reactions  R.,  andlstrut  and  stay/resistance. 


FIG.  19. — Comparison  of  distances  to  maximum  deflection 
and  maximum  bending  moment  for  typical  spar  panel. 
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I.  Biplane  Trussing. 
(a)  For  upper  drag  trussing — 

1.  Loads  due  to  front  upper  spar  plus  resistance  of 
front  struts  and  stays. 

G=ri+Rl  N. 
H^+R,  N. 
I=r3+R3  N. 

/=r4+i?<  sr. 

2.  Loads  due  to  rear  upper  spar  plus  resistance  1  of  rear 
struts  and  stays. 

G'=r,+/e,  Nv  . 
H'=r2+R2  iV,. 

I'=r3+R3  Nt. 

J'=rt+R<  N,. 

Whore  ru  r2,  jj,  etc.,  equal  one-half  the  air  resistance  of 
the  struts  and  stays  adjacent  to  the  pins;  N=w2jwl,  the 
ratio  of  the  running  load  on  front  spar  in  plane  of  drag 
trussing  to  the  running  load  on  front  spar  in  plane  of  lift 
trussing;  Ni=wjwi,  the  ratio  of  the  running  load  on  rear 
spar,  in  plane  of  lift  trussing  to  running  load  on  rear  spar 
in  piano  of  drag  trussing; 

(6)  For  lower  drag  trussing. — For  concentrated  loads 
on  lower  drag  trussing  change  the  word  upper  into  lower 
in  (a)  above. 

II.  Any  Trussing. 

The  formulas  above  apply  also  to  drag  trussing  in 
monoplanes  or  multiplanes. 


'  Consider  the  resistance  as  acting  only  in  the  plane  of  drag  trussing. 
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FIG.  31.— Concentrated  loads  on  drac  trussing  In  terms  of 
strut  and  stay  resistance  and  running  loads  on  spars. 


FIG.  23  Endwise  stresses  In  a  hlplane  wlnir  truss  with 

parallel  spars.   Analytical  treatment. 
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I.  Biplane  Trussing. 
(a)  For  upper  drag  trussing. — 

1.  Ixrads  due  to  the  front  upper  spar  plus  one-half  the 
resistance  of  the  front  struts  and  stays. 

G^+Aa+Bx, 
J=r3+C(c-22)+i)x3 

2.  Loads  due  to  the  rear  upper  spar  plus  one-half  the 
resistance  of  the  rear  struts  and  stays. 

G'^i+Aa+Bx, 
H'^+Bib-xJ+Cz, 
.  I'=r'3+C(c-x2')+Dx3 
J'^+Did-xJ+Ex* 

Where  r„  r2,  r3,  etc.,  are  the  loads  due  to  one-half  the 
air  resistance*  of  the  front  struts  and  stays;  r,',  r/,  r3', 
etc.,  are  the  loads  due  to  one-half  the  air  resistance*  of 
the  rear  struts  and  stays;  xu  x2,  etc.,  the  distances  to  the 
points  of  zero  shear. 

(6)  For  louer  drag  trussing. — Treatment  similar  to  above. 

II.  Any  Trussing. 

The  formulas  above  apply  also  to  the  drag  trussing  in 
monoplanes  or  multiplanes. 

FIG.  33.— Endwise  stresses  In  terms  of  loads  and  sire  In 
any  monoplane  wins  truss.  Analytical  treatment. 


STAY  STRESSES. 

P'=pG'/A 
Q'=qn'jh 
R'=rr/h 

SPAR  STRESSES. 

P"=(b+c+d)G/h 

Q"=(b+c+d)G/h+(c+d)TI/h 

R»=(b+c+d)G/h+(c+d)Il/h+dIlh 
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STRUT  STRESSES. 

P=G=G 

Q=G+G'+H=P+G'+H 
B=G+G'+H+II'+I=Q+H'+I 
S=G+G'+n+H'+I+I'+  J=R+I'+  J 

STAY  STRESSES. 

P'=J)(G+C')/A=p(P+G')/'>=pi1 
Q>=q(G+G'+n+II')lh=q((i+U')lh=qn2 
ji'=r(G+G/+H+E/+I+r)/h=r(R+I,)/h=rn3 
S'=s(G+G'+II+  n'+I+r+  J+  J')lh=s(S+  J')lh=snt 

SPAR  STRESSES. 

P"=(G+G')&A=&(P+G')/A=&n. 
Q"=[(G+G')(b+c)  +c(II+W)]/h  =  P"+c(Q  +H  ')jh 

=P"+cn2 

R»=[(G+G')(b+c+d)+(c+d)(n+n')+d(I+I')]!h 

=Q"+d(  R+  I')/h=Q"+dn3 

S"=[(G+G/)(6+c+d+e)+(c+rf+e)(//+ff/)+etc.]/A 

=R"+e(S+  J')lh=R"+ent 


FIG.  34.— Three-component  resolution  of  stay  tension. 


I.  General  Case. 
R/r=Xlx=  Yly^Zjz 


II.  Special  Cases. 


•Consider  the  resistance  as  acting  only  in  the  plane  of  the  drag  trussing. 


(a)  For  cabane  stays, 
R=rX/x 

(b)  For  cross  diagonal, 
R=rX/x 


AIRPLANE  STRESS  ANALYSIS. 
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FIG.  23.— Endwise  stresses  In  terms  of  loads  and  size  in  a  multiplane  wing  truss. 
Analytical  treatment. 


Let  L  be  the  total  lift  on  a  multiplane  strut,  as  shown, 
P,  Q,  tensions  in  the  stays  p,  q, 

dp,  dq,  stretches  of  the  lengths  p,  q,  for  vertical  strain  dz  of  truss, 
to,  n,  strut  lengths  between  joints, 

A,  B,  E,  cross  sectional  areas  of  stays  and  modulus  of  elasticity. 
Then  L=Pmlp+Qn/q+etc,  for  more  planes,  if  any, 
P=AEdp/p, 
Q=BEdqlq, 

2?=etc,  for  more  planes,  if  any. 
dz=qdq/n=pdp/m=etc,  for  more  planes,  if  anj. 
P/Q=Amq'i/Bn.p2,  Q/B=etc,  for  more  planes,  if  any. 


P=LAmr2l(Am?ryp+Bn2r>pyq>+Co'-p-/r). 
Q=LBnp2/(Bn1p3/q+Co2pY/rs+Am?qyp). 
R=LCoq>/(Co*q<'/r+Am!q'Vl/p:>+Bn1r3/q). 

Note. — In  a  similar  way  the  equation  for  any  multiplane  may  be  written. 

Having  thus  obtained  the  strut  and  stay  stresses  in  a  multiplane,  the  spar  stresses  follow  by  ordinary  statics. 


GENERAL  THEORY. 


FOR  A  TRIPLANE. 


P=LAmqll(Amlq'1lp+B7iip'llq). 
Q=LBnp2/(Am?q2/P+Bn''pVq)- 


FOR  A  quadrupi.am: 


•  Head  anticlockw  ise . 


FIG.  28. 
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FIG.  39.-Grapliical  analysis  for  airplane  undercarriage. 
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(C)  STRESSES  IN 
REAR  TRUSSING 


i  Rei.1  anticlockwise. 


FIG.  Sir-  Gravitational  plus  dynamical  load  on  skid  and  axle. 


I 

I 

M(jr+gcosp) 

P,=  M[+j^-(jxy+gcos0-~i)+I„tt]/p 

QT=M(j,+gcosl3)-P, 

Px=aP, 

Qx=bQy 

Where  M  is  mass  of  craft  leas  wheels  and  axle, 

jx,  jj  are  component  accelerations  of  M  parallel  to  X,  Y; 

I,  a,  are  the  angular  inertia  and  acceleration  about  the  axis  o; 

x,  y  are  the  coordinates  of  craft  centroid  referred  to  o; 

p  is  the  distance  from  skid  contact  to  axle. 
Note. — If  j,  f  be  the  simultaneous  vertical  accelerations  at  points  on  the  longi- 
tudinal axis  2  units  apart,  then  a=(j—j')jl. 


ft,  etc.,  pi,  fi,  n,  etc.,  represent  the  lengths  of  the  members  whose  stresses  are  Q'", 


FIG.  33.— Endwise  stresses  In  body  trussing  with 
struts  vertical  and  loads  concentrated.  Analyti- 
cal treatment. 


UPPER  LONGERON  STRESSES. 

P"'=0 

Q"'=q*(G+G')b/cq 
R"'=r3\(G+G')(b+c)+(H+ri')cydr 
8"'=*»3[(G+G'Kb+c+d)+(H+H')(c+d)+(I+I')<I\ie* 

LOWER  LONGERON  STRESSES. 

P"=p7cQ"'lbq3 
Q"=q^R'"lcr3 
R"=r7eS"'lds3 
S"=sJT'"/et3 

STAY  STRESSES. 

P'=Pl[(G+G')-P"nJp2-P'"mJp3\l(q-nl) 
Q'=ql\(G+G'+ff+H')-Q"n2lq,-Q'"m1tiq3y(r-n3) 
K'=r,  [(G+G'+//+  H'+I+I') -R"njT2-R"'m3ir3]l(i-n3) 
S'=sl[(G+G'+II+H'+I+I'+J+J')-S"nj82-S'"mj8t]/(kt-ni) 
STRUT  STRESSES. 

P=G 

Q  =  II+P'(q-nl)/pl+P'"mJpz-Q'"m2/q3 
R=I+Q'(r-n2yql+Q"'m.1/q3-R"'mJr, 
S=  J+R'is^n^  +  fi/"m3/r3 -S'"mj83 

,  Q',  R',  etc.,  respectively.  Interchange  m's  and  n's  in  Fig.  2. 


00 
00 


BIO.  33.— Stresses  In  twisted  pyramidal  truss,  triangular  type. 


FIG.  34.— Stresses  In  twisted  pyramidal  truss,  rectangular  type. 


TORQUE 
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7'=torque/i 

General  case— Applied  couples  in  plane  of  truss  base.  Use  notation  similar  to  that 
of  figure  34. 

Then  s^S+s/S'+tjT+l/T'+UjU+u/U'^O 

stS+st'S'+ttT+tt'T'+ut  U+  V  U'=0 

(s,S+8t'S')c+(t.T+tiT')a+(u7  U+u,'  U')b+P(a+c)=0 
Also  »,S+»/S'=0 

Special  case  1.-  -Right  prismatic  truss. 

^'=-tE'-ttl/-l; «/-     V- s.''  */•  ,<«/=°;  t«=0 

Special  case  2.— Pyramidal  wedge  truss. 

If  6=0,  the  wire  f'can  he  dropped. 
Note.— When  some  edges  are  normal  to  the  bases,  some  oblique,  use  the  more 
general  equations. 


7?=torque/4Z;  l'=Ub/2l;  Q=J<a/2l 

General  case.-  Applied  couples  in  plane  of  truss  base. 
Denote  stay  stresses  by  S,  T,  U,  V;  longeron  stresses  by  S',  T',  V,  V . 
Denote  stay  direction  cosines  by  *,,  sy,      t»,  lv  t,;  u,,      «,.•  vx.  vv 
Denote  longeron  cosines  by  the  same  letters  primed. 
Then  sTS+s/S'+lJT+tr'T'+2P=0;  Also  8zS+sx'S'=0 
■   tlT+tt'T'+utU+vz'U'+2Q=0;  txT+tz'T'=0 
My  U+uy'  U'+vy  P+y  V'+2P=0;     tu,  U+ux'  f/'=0 
«,      V  K'+s,S+st''S'+2Q=0;        f,  V'=0 
Special  case  /.—Right  prismatic  truss. 

*/,  t/,  «»'fv=i;  «/.£/.  v.  »/>  s«'>    "«'•  r»,=°;  V«urr.=° 

Special  case  2.— Pyramidal  wedge  truss.  , 

If  a=0,  then  Q=0,  and  the  wires  S,  U can  be  dropped. 
Note.— When  seme  edges  are  normal  to  the  bases,  some  oblique,  use  the  more 
general  equations. 
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FIG.  35. 
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I  FUSELAGE   WITM   VERTICAL   Aie  LOAD  (F)   DUE  TO    ZO  LBS   PER.   5Q   FT    ON  Til  UPPER   TRUSSING  OF  FUSELAGE   WITH  PART    OF  TRANSVERSE    AIR  LOAD    (P)  V    FUSELAGE     WITH     TAIL   SKID   FORCE  ONLY 

HORIZONTAL  TAIL  SURFACE  DUE  TO  20  LBS   PEE  SOFT  ON  VERTICAL    SURFACES       ONE  HALF  OF  If)  TS  FUSELAGE    WlTrt    COMPLETE   STATIC  LOAD 

CARRIED  BY  UPPER  TRUSSING 

H  FUSELAGE    WITH   VERTICAL    GRAVITY   LOAOS    IN    STEADY    FLIGHT      TAIL  AIR 
FORCES  OMITTED 
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STRESS  ITEMS  FOR  I-FUSELACE  WITH  VERTICAL  LOADS 
IN  STEADY  fLICHT,  TAIL  AIR   FORCES  OMITTED 


V  UNDERCARRIAGE  WITH  STATIC  LOADING 


STKtSS  ITEMS  FOR  Y-UNDERCAREIAGE. 
WITH  STATIC  LOADING 


STRESS  ITEMS  FOR  17-  FUSELAGE 
WITH  COMPLETE  STATIC  LOAD 
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FIG.  37.— Specifications  for  typical  tail  unit. 
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FIG.  41.— Wing  loads  and  spar  loads. 
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FIG.  42.— Endwise  stresses  In  body  trussing  with  struts  vertical 
and  loads  concentrated.  Graphical  treatment. 
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